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A B S T R A C T
M a n y  c u r r e n t  a u t o m a t e d  t h e o r e m  p r o v e r s  us e  a 
r e f u t a t i o n  p r o c e d u r e  b a s e d  on s o m e  v e r s i o n  of the p r i n c i p l e  
of r e s o l u t i o n .  T h e s e  m e t h o d s  n o r m a l l y  lead to the 
g e n e r a t i o n  of la r g e  n u m b e r s  of n e w  c l a u s e s .  S u b s u m p t i o n  is 
a p r o c e s s  that e l i m i n a t e s  the s u p e r f l u o u s  c l a u s e s  f r o m  the 
c l a u s e  s p a c e ,  thus s p e e d i n g  up the p r o o f .  T h e  r e s e a r c h  
p r e s e n t e d  in this t h e s i s  is c o n c e r n e d  w i t h  the d e s i g n  and 
i m p l e m e n t a t i o n  of a s u b s u m p t i o n  a l g o r i t h m  w h i c h  e x p l o i t s  
the p a r a l l e l i s m  p r o v i d e d  by a m u l t i p r o c e s s o r .  For 
p o r t a b i l i t y ,  all c o d i n g  is d o n e  in the p r o g r a m m i n g  l a n g u a g e
C. M o n i t o r s  ar e  u s e d  as the s y n c h r o n i z a t i o n  m e c h a n i s m .  
C o r r e c t  p e r f o r m a n c e  in b o t h  a m u l t i p r o c e s s o r  and 
u n i p r o c e s s o r  m o d e  is s t r e s s e d .  The p a r a l l e l  t e s t s  a r e  run 
on a D e n e l c o r  H E P  l o c a t e d  at A r g o n n e  N a t i o n a l  L a b o r a t o r y .
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I . I N T R O D U C T I  ON
A. IJiLS L S. O R G A N I Z A T I O N
T h i s  t h e s i s  d e a l s  w i t h  the d e s i g n  a n d  i m p l e m e n t a t i o n  
of a p a r a l l e l  s u b s u m p t i o n  a l g o r i t h m .  B o t h  the a l g o r i t m  
i t s e l f ,  a n d  its i m p l e m e n t a t i o n  on a m u l t i p r o c e s s o r ,  a r e  
d e s c r  i bed .
T h e  f i r s t  s e c t i o n  of this t h e s i s  p r o v i d e s  the 
n e c e s s a r y  b a c k g r o u n d  a n d  v o c a b u l a r y  to u n d e r s t a n d  the 
s u b s e q u e n t  d i s c u s s i o n s  of s u b s u m p t i o n  a n d  m u l t i p r o c e s s i n g .  
It a l s o  p r e s e n t s  a r e v i e w  of l i t e r a t u r e  p e r t i n e n t  to the 
to p i c .
T h e  s e c o n d  s e c t i o n  p r e s e n t s  a d i s c u s s i o n  of b o t h  the 
h i g h -  an d  l o w - l e v e l  d e s i g n  of the p r o g r a m m i n g  p r o c e d u r e s  
u s e d .  It a l s o  p r o v i d e s  a d e s c r i p t i o n  of the m e t h o d s  u s e d  
in t e s t i n g  the c o m p l e t e d  p r o g r a m .
T h e  t h i r d  s e c t i o n  d e s c r i b e s  the e x p e r i m e n t a l  r e s u l t s  
of s e v e r a l  test e x e c u t i o n s  of the p r o g r a m .
F i n a l l y ,  the f o u r t h  s e c t i o n  p r e s e n t s  an e v a l u a t i o n  of 
the o b t a i n e d  r e s u l t s  an d  s u g g e s t s  s e v e r a l  id ea s for 
c o n t i n u e d  r e s e a r c h .
B. B A C K G R O U N D  A m  VO C A BU LA RY .
1. G e n e r a l . C o m p u t e r s  ar e  u s ed t o d a y  not o n l y  to 
s o l v e  d i f f i c u l t  n u m e r i c  p r o b l e m s ,  but a l s o  to p e r f o r m  
t a s k s  that w o u l d  be c o n s i d e r e d  i n t e l l i g e n t  if p e r f o r m e d  by 
h u m a n s .  E x a m p l e s  of s u c h  ta s k s  i n c l u d e  e x p e r t  a s s i s t a n c e
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to p r o f e s s i o n a l s  ( e x p e r t  s y s t e m s ) ,  and a u t o m a t e d  t h e o r e m  
p r o v i n g .  A r t i f i c i a l  i n t e l l i g e n c e  is that p o r t i o n  of 
c o m p u t e r  s c i e n c e  w h i c h  d e a l s  w i t h  the p e r f o r m a n c e  of s u ch 
t a s k s .
A u t o m a t e d  t h e o r e m  p r o v i n g  is the g e n e r a l  a r e a  of
i n t e r e s t  he r e .  J.A. R o b i n s o n  El) s u g g e s t e d  that.-
" ' c o m p u t a t i o n a l  l o g i c ’ is s u r e l y  a b e t t e r  
p h r a s e  than ‘ t h e o r e m  p r o v i n g ’ , for the b r a n c h  
of a r t i f i c i a l  i n t e l l i g e n c e  w h i c h  d e a l s  w i t h  
h o w  to m a k e  m a c h i n e s  do d e d u c t i o n  
e f f i c i e n t l y " .
L. W o s  121 s u g g e s t e d  the t e r m  ‘a u t o m a t e d  r e a s o n i n g ’ . 
S p e a k i n g  of a u t o m a t e d  t h e o r e m  p r o v i n g  a n d  a u t o m a t e d  
r e a s o n i n g ,  he said:
" T h e  d i f f e r e n c e  b e t w e e n  the two f i e l d s  r e s t s  
m a i n l y  w i t h  the w a y  in w h i c h  the c o r r e s p o n d i n g  
s o f t w a r e  is u s e d  and w i t h  their s c o p e .  In 
a u t o m a t e d  r e a s o n i n g ,  the e m p h a s i s  is on an 
a c t i v e  c o l l a b o r a t i o n  b e t w e e n  the user a n d  the 
p r o g r a m  an d  on m a n y  uses you w o u l d  not 
o r d i n a r i l y  c o n s i d e r  to i n v o l v e  ‘p r o v i n g  
t h e o r e m s ’ . A u t o m a t e d  t h e o r e m  p r o v i n g  is n o w  a 
p a r t  of a u t o m a t e d  r e a s o n i n g . "
Th e  idea s e e m s  to be that the p h r a s e  ‘t h e o r e m  p r o v i n g ’ 
c a r r i e s  too m u c h  of a m a t h e m a t i c a l  c o n n o t a t i o n ,  that a 
p h r a s e  s h o u l d  be c h o s e n  w h i c h  c o n v e y s  the n o t i o n  that 
logi ca l r e a s o n i n g  e x t e n d s  b e y o n d  m a t h e m a t i c s .  The t e r m  
t h e o r e m  p r o v i n g  is f i r m l y  e n t r e n c h e d  in the l i t e r a t u r e  
h o w e v e r ,  a n d  wi l l  be u s e d  in this t h e s i s  w i t h  the 
u n d e r s t a n d i n g  that p r o b l e m s  o t h e r  than m a t h e m a t i c a l  o n e s  
m a y  be p o s e d  in the f o r m  of a t h e o r e m  to be p r o v e d .
As an e x a m p l e ,  if it is k n o w n  that e v e r y  m a n  is
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m o  r t a 1 , and that S o c r a t e s i s a m a  n , then the l o g i ca l
c o n c 1 u s i o n t ha t S o c r a t e s  is a m o r t a l  m a y b e c a s t  as a
t h e o r e m  to be p r o v e d  f r o m  the s t a t e d  f a c t s .  M a n y  p r o b l e m s  
(in u n r e l a t e d  f i e l d s )  can be s i m i l a r l y  f o r m u l a t e d  as 
t h e o r e m  p r o v i n g  p r o b l e m s .  The f o l l o w i n g  p a r t i a l  list is 
f r o m  the e x c e l l e n t  text by C h a n g  and Lee [31:
(1) q u e s t i o n - a n s w e r i n g  s y s t e m s  - f a c t s  ar e  
r e p r e s e n t e d  as l o g i c a l  f o r m u l a s .  To a n s w e r  a 
q u e s t i o n  f r o m  the f a c t s ,  p r o v e  that a f o r m u l a  
c o r r e s p o n d i n g  to the a n s w e r  is d e r i v a b l e  f r o m  
the f o r m u l a s  r e p r e s e n t i n g  the fa ct s.
(2) s t a t e - t r a n a f o r m s t  ion p r o b l e m  - d e s c r i b e  
the s t a t e s  and t r a n s i t i o n  v a l u e s  by logi ca l 
f o r m u l a s .  T h e n ,  t r a n s f o r m  the init ia l s t a t e  
into the d e s i r e d  s t a t e  by p r o v i n g  that the 
f o r m u l a  of the d e s i r e d  s t a t e  f o l l o w s  f r o m  the 
f o r m u l a  r e p r e s e n t i n g  the s t a t e  and t r a n s i t i o n  
r u l e s .
(3) p r o g r a m - a n a l y s i s  p r o b l e m  - d e s c r i b e  
p r o g r a m  e x e c u t i o n  by f o r m u l a  A and c o n d i t i o n  
for t e r m i n a t i o n  by f o r m u l a  B. Th e n ,  
v e r i f i c a t i o n  that the p r o g r a m  will t e r m i n a t e
is e q u i v a l e n t  to p r o v i n g  that B f o l l o w s  f r o m  A.
W i t h i n  the a r e a  of a u t o m a t e d  t h e o r e m  p r o v i n g  lies the 
t o p i c  of s u b s u m p t i o n ,  w h i c h  is the s p e c i f i c  a r e a  of f o c u s  
in this t h e s i s .  B e f o r e  p r o c e e d i n g  w i t h  an i n - d e p t h  
d i s c u s s i o n  of s u b s u m p t i o n  h o w e v e r ,  the m o r e  g e n e r a l  a r e a  of 
t h e o r e m  p r o v i n g  s h o u l d  be d i s c u s s e d  in o r d e r  to b u i l d  the 
n e c e s s a r y  v o c a b u l a r y .  N o t e  that this d i s c u s s i o n  i n t r o d u c e s  
o n l y  t h o s e  t e r m s  n e c e s s a r y  for an u n d e r s t a n d i n g  of 
s u b s u m p t i o n ,  an d  i g n o r e s  m a n y  a d d i t i o n a l  te r m s  w h i c h  ar e  
i m p o r t a n t  to o t h e r  a s p e c t s  of a u t o m a t e d  t h e o r e m  p r o v i n g .
For the r e a d e r  i n t e r e s t e d  in a h i s t o r y  of the e n t i r e  
a r e a  of a u t o m a t e d  t h e o r e m  p r o v i n g ,  the t w o - v o l u m e  set
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Au t o m a t i o n  o f R e a s o n  i n g [4, 5] c o n t a i n s  a g o o d  h i s t o r y  of 
the y e a r s  1 9 5 7 - 1 9 6 6  and 1 9 6 7 - 1 9 7 0 ,  r e s p e c t i v e l y ,  i n c l u d i n g  
r e p r i n t s  of the l a n d m a r k  p a p e r s  p u b l i s h e d  d u r i n g  t h o s e  
y e a r s .  Th e  r e c e n t  A m e r i c a n  M a t h e m a t i c a l  S o c i e t y  
pub I i ca t i on A u t o m a t e d  T h e o r e m  P r o v i n g :  A f t e r 25. Y e a r s  C 6 1 
b r i e f l y  c o v e r s  t h o s e  y e a r s  a l s o ,  but r e f e r s  to S i e k m a n n  for 
a d e t a i l e d  c o v e r a g e .  T h e  A M S  p u b l i c a t i o n  c o n c e n t r a t e s  on 
the y e a r s  s i n c e  1970. S o m e  of the l a n d m a r k  p a p e r s  a r e  
r e p r i n t e d  t h e r e  a l s o .
2. F i r s t - O r d e r  P r e d i c a t e  C a l c u l u s . T h i s  s e c t i o n  
r e v i e w s  the b a s i c  n o t i o n s  of f i r s t - o r d e r  logic, and 
e s t a b l i s h e s  the t e r m i n o l o g y .  For a d e t a i l e d  d e v e l o p m e n t  of 
the s u b j e c t ,  the r e a d e r  is r e f e r r e d  to a n y  of s e v e r a l  g o o d  
i n t r o d u c t o r y  te x t s ,  e.g. C3, 71.
In a f i r s t - o r d e r  logic, one is c o n c e r n e d  w i t h  
e n t i t i e s ,  r e l a t i o n s h i p s  b e t w e e n  e n t i t i e s ,  an d  p r o p e r t i e s  of 
s e ts of e n t i t i e s .  For e x a m p l e ,  it is p o s s i b l e  to d e s c r i b e  
the e n t i t i e s  'Joe* an d  'Ann' and to a d d r e s s  the fact that 
'Joe' is m a r r i e d  to ' A n n ’ . Th u s ,  th er e are f u n c t i o n s  
C w i f e - o f )  on the set of e n t i t i e s ,  as w e l l  as p r e d i c a t e s  
C i s - m a r r i e d - t o ) d e s c r i b i n g  p r o p e r t i e s  an d  r e l a t i o n s  of 
e n t i t y  sets. F u n c t i o n s  d e f i n e  n e w  e n t i t i e s  in t e r m s  of 
p r e v i o u s l y  k n o w n  o n e s ,  an d  p r e d i c a t e s  i n d i c a t e  w h e t h e r  s o m e  
set of e n t i t i e s  has a p a r t i c u l a r  p r o p e r t y  or r e l a t i o n s h i p .  
U s i n g  the a b o v e  e x a m p l e ,  p o s s i b l e  s t a t m e n t s  are:
i s - m a r r  i e d - t o C J o e ,  A n n )  or 
i s - m a r r  i e d - t o C J o e ,  wi f e - o f C J o e ) ) .
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In s u b s e q u e n t  e x a m p l e s ,  the a l p h a b e t  consi 
- c o n s t a n t s :  a, b, c
- v a r i a b l e s :  x, y , z
- f u n c t i o n s :  f, g, h
- p r e d i c a t e s :  P, O, R
- c o n n e c t i v e s :  - (n o t ) ,  (or), & (a nd ),
A. (for all), £. ( t h e r e  e x i s t
- p u n c t u a t i o n :  (, ), and co m m a .
D e f i n i t i o n : A t e r m  is d e f i n e d  r e c u r s i v e l y  as:
(1) v a r i a b l e s  or c o n s t a n t s  are t e r m s
(2) if f is an y  n - p l a c e  f u n c t i o n ,  and t1, 
te rm s, then f ( t f , . . . , t n )  is a term.
D e f i n i t i o n : A f o rmuI a is d e f i n e d  r e c u r s i v e l y
(1) if t 1 , . . . , t n ar e  terms, and P is an n 
p l a c e  p r e d i c a t e  (n m a y  be ze ro , for 
p r o p o s i t i o n s ) ,  then P ( t 1 , . . . , t n )  is an
a t o m  i c f o rmuI a
(2) if A an d  B are f o r m u l a s ,  the so are:
( -A) , (A & B) . and (A ! B)
( 3 ) i f A i s a f o r m u l a , then so are:
Ax ( A ) and £_&( A ) .
In p a r t  3 of the a b o v e  d e f i n i t i o n ,  the v a r i a b l e  
be u n i v e r s a l l y  or e x i s t e n t i a l l y  q u a n t i f i e d ,  an d  
is s a i d  to be in the s c o p e  of the q u a n t i f i e r ,  
o c c u r r e n c e  of a v a r i a b l e  in a f o r m u l a  is b o u n d  
i n n e r m o s t  q u a n t i f i e r  on that v a r i a b l e .  T y p i c a l  
a u t o m a t e d  t h e o r e m  p r o v e r  us e s  f o r m u l a s  w i t h  no 
p r e s e n t .  T h e  j u s t i f i c a t i o n  for this f o l l o w s .
S t  S O f :
S )
. . . , t n are 
a s :
is s a i d  to 
the f o r m u l a  
An
by the 
I y , an 
q u a n t i f i e r s
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A f i r s t - o r d e r  logic f o r m u l a  can be t r a n s f o r m e d  into a 
p r e n e x  n o r m a l  f o r m  c o n s i s t i n g  of two p o r t i o n s  - the left 
p o r t i o n  c o n t a i n i n g  all q u a n t i f i e r s  is c a l l e d  the p r e f i x ,  
and the r i g h t  p o r t i o n  c o n t a i n i n g  the rest of the f o r m u l a  is 
c a l l e d  the m a t r i x .  The e x i s t e n t i a l  q u a n t i f i e r s  in the 
p r e f i x  can be e l i m i n a t e d  by r e p l a c i n g  the v a r i a b l e s  w h i c h  
they q u a n t i f y  w i t h  S k o l e m  f u n c t i o n s .  T h e  m a t r i x  can be 
t r a n s f o r m e d  into c o n j u n c t i v e  no r m a l  form. F i n a l l y ,  the 
f o r m u l a  can be c o n v e r t e d  to a c l a u s a l  f o r m  w i t h  no 
q u a n t i f i e r s  p r e s e n t .  T h i s  f o r m  is not s t r i c t l y  e q u i v a l e n t  
to the o r i g i n a l  f o r m u l a ,  but if the set of c l a u s e s  is 
u n s a t i s f i a b I e  , t h en so is the o r i g i n a l  f o r m u l a .
T h e  t e c h n i q u e s  for c o n v e r s i o n  to a c l a u s a l  f o r m  can be 
f o u n d  in an y  of s e v e r a l  g o o d  te x t s ,  e.g. 131. A s i m p l e  
e x a m p  Ie f o i l o w s .
E x a m p  Ie ±: O b t a i n  a c l a u s a l  f o r m  of the f o r m u l a :
c (£js.)p c x d  : (CAx)Qty) 4 -(Ax)R(x)))
S t e p  1. R e n a m e  the s e c o n d  x v a r i a b l e  ( a r g u m e n t  to the 
R p r e d i c a t e )  s i n c e  it is a c t u a l l y  d i f f e r e n t  f r o m  the first 
o c c u r r e n c e  ( a r g u m e n t  to the P p r e d i c a t e ) .  S u c h  a s t e p  is 
n e c e s s a r y  to e n s u r e  that no v a r i a b l e  has b o t h  f r ee a n d  
b o u n d  o c c u r r e n c e s ,  an d  so that t h e r e  is at m o s t  one 
o c c u r e n c e  of a q u a n t i f i e r  w i t h  an y  p a r t i c u l a r  v a r i a b l e .
(£js.)P(x ) : ( ( A x ) Q < y )  4 - ( A i ) R ( z ) ) )
S t e p  2. Th e  -(A lZ-)RCz ) can be t r a n s f o r m e d  into 
( £ i ) - R ( z )  by the e q u i v a l e n c e  - ( A jO F  = (£j(.)-F for a n y
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f o r m u l a  F a n d  v a r i a b l e  x. Th en , c o n v e r t  to p r e n e x  n o r m a l  
f o r m  w h e r e  the m a t r i x  c o n t a i n s  no q u a n t i f i e r s  a n d  the 
p r e f i x  is a s e q u e n c e  of q u a n t i f i e r s .
(A*) (f-Z.) ( PC x ) ! (O ( y 3 & - R ( z ) 3 )
S t e p  3. R e m o v e  the e x i s t e n t i a l  q u a n t i f i e r s  and 
r e p l a c e  the e x i s t e n t i a l l y  q u a n t i f i e d  v a r i a b l e s  by n - p l a c e  
S k o l e m  f u n c t i o n s  w h e r e  n is the n u m b e r  of u n i v e r s a l
q u a n t  i f i e r s  p r e c e d i n g the e x i s t e n t i a l  one. For e x am p  1e ,
the x is r e p l a c e d by the c o n s t a n t  a ( O - p l a c e f u n c t  ion) .
S i n c e t h e r e  e x i s t s a t least one su c h  x, a pa r t ic u 1 a r one
can be c h o s e n ,  cal 1 it a in this case. The z is r e p l a c e d
b y a n ew f u n c t ion, f (y 3 , w h i c h  is a f u n c t i o n o f the o n l y
u n i v e r s a l l y  q u a n t i f i e d  v a r i a b l e  p r e c e d i n g  it.
( A X ) < P ( « )  ! ( Q ( y  3 & - R ( f ( y 3 3 3 3
S t e p  4. C o n v e r t  to c o n j u n c t i v e  n o r m a l  f o r m  and, s i n c e  
all r ema i n i n g  v a r i a b l e s  a r e  u n i v e r s a l l y  q u a n t i f e d ,  r e m o v e  
the q u a n t i f i e r s .
(P Cs ) ! Q ( y 3 3 & (P (a 3 ! - R C f ( y 3 3 3
S t e p  5. The last f o r m  can be v i e w e d  as a c o n j u n c t i o n
of c l a u s e s .  N o r m a l l y ,  e a c h  i n d i v i d u a l  c l a u s e  of a c l a u s e
set is s i m p l y  l i s t e d  s e p a r a t e l y ,  and t h ey are u n d e r s t o o d  to
be c o n j o i n e d .  H e r e ,  they m a y  be w r i t t e n  as:
P ( a 3 ! O ( y 3
P ( a 3 *. - R C f ( y 3 3
l e a v i n g  off the o u t e r m o s t  set of p a r e n t h e s e s .
N o w  the p r e d i c a t e  c a l c u l u s  can be e x t e n d e d  w i t h  n o t i o n s
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p e r t i n e n t  to a u t o m a t e d  t h e o r e m  p r o v i n g .
D e f i n i t i o n :  A literal is an a t o m i c  f o r m u l a  ( p o s s i b l y
c o n t a i n i n g  v a r i a b l e s ) ,  or the n e g a t i o n  of an a t o m i c  
f o r m u l a .
D e f i n i t i o n : A c l a u s e  is a ( p o s s i b l y  e m p t y )  d i s j u n c t i o n
(!) of l i t e r a l s .  S i n c e  the e m p t y  c l a u s e  has no lite ra l 
that can be s a t i s f i e d ,  it is a l w a y s  fa ls e.
D e f i n i t i o n : A c l a u s e  set is a c o n j u n c t i o n  (&) of c l a u s e s .
3. T h e o r e m  P r o o f  P r o c e d u r e s  . R e f u t a t i o n  p r o c e d u r e s  
ar e  g e n e r a l l y  u s e d  by a u t o m a t e d  t h e o r e m  p r o v e r s  to r e a c h  a 
p r o o f .  T y p i c a l l y ,  the set of c l a u s e s  u s e d  in the p r o o f  
c o n t a i n s  a set of a x i o m s  p l u s  the n e g a t i o n  of the t h e o r e m  
to be p r o v e d .  The t h e o r e m  p r o v e r  then a t t e m p t s  to s h o w  
that the set of c l a u s e s  is i n c o n s i s t e n t  ( u n s a t i s f  i a b I e  ) .
A c l a s s i c  e x a m p l e  f r o m  g r o u p  t h e o r y  [21 s t a t e s  that 
"in a g r o u p ,  if the s q u a r e  of e v e r y  e l e m e n t  is the 
i d e n t i t y ,  the g r o u p  is c o m m u t a t i v e " .  T h e  a x i o m s  for this
p r o o f  are:
P ( x , y , f ( x , y ) )  
P ( x , e , x )
P ( e , x , x )
P ( x ,g (x ) ,e) 
P ( g ( x ) , x , e )
P ( x , x , e )
- P ( x ,y ,u )
- P ( x , y , u )
P ( a , b , c )
- P ( b , a , c )
(e is i d e n t i t y
c l o s u r e
ri gh t i d e n t i t y  
i d e n t i t y 
i n v e r s e  
i n v e r s e
of e v e r y  e l e m e n t  is the 
! - P ( u , z , w )  ! P ( x ,v ,w )
! - P (x ,v ,w) ! P (u ,z ,w) 
( n e g a t i o n )  of




s q u a r e  
- P (y , z , v ) 
- P ( y , z , v ) 
d e n i a l
e I erne n t )
i d e n t i t y  
a s s o c  . 
a s s o c  .
w h e r e  the 3 - p l a c e  p r e d i c a t e  P ( x , y , z )  m a y  be t h o u g h t  of as
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a s s e r t i n g  that x * y = z .
A n y  g i v e n  c l a u s e  set, s u ch as this one, m a y  be s h o w n  
to be u n s a t i s f i a b I e  if a n d  o n l y  if it is f a l s e  u n d e r  all 
i n t e r p r e t a t i o n s  o v e r  all d o m a i n s .  It is, of c o u r s e  
i m p o s s i b l e  to e x a m i n e  all p o s s i b i l i t i e s .  H e r b r a n d  [71 
d e v e l o p e d  a t h e o r e m  (see the f o l l o w i n g  p a r a g r a p h )  w h i c h
p e r m i t s  the e x a m  i n a t i o n of a s i n g l e , s p e c ia 1 d o m a  i n cal led
the H e r b r a n d Un ii  v e r s e . S i m p 1y s t a t e d , the H e r b r a n d
U n i v e r s e  is the set o f v a r i a b l e - f r e e t e r m s that can b e
g e n e r a t e d  us i ng the c o n s t a n t  s ymb o 1s f r o m the c l a u s e set.
w i t h  s o m e  s p e c i a l  c o n s t a n t  symbol p r o v i d e d  if the c l a u s e
set c o n t a i n s  no c o n s t a n t s .  As an e x a m p l e ,  if the c l a u s e
set c o n s i s t s  of:
PC a )
PC f Cx ) )
then the H e r b r a n d  u n i v e r s e  c o n s i s t s  of:
C a , f Ca) , f C f(a) ) , ... ) .
H e r b r a n d ’ s T h e o r e m  s t a t e s :
A set S of c l a u s e s  is u n s a t i s f i a b I e  iff t h e r e  is a 
f i n i t e  u n s a t i s f i a b I e  set S' of g r o u n d  i n s t a n c e s  of c l a u s e s  
of S .
A g r o u n d  i n s t a n c e  is m e r e l y  one w h i c h  has no 
v a r i a b l e s .  As an e x a m p l e ,  c o n s i d e r  S = (PCx) , - P C f C a ) ) )  
w h i c h  is u n s a t i s f i a b  I e . T h e n  s o m e  S ’ e x i s t s  w h i c h  is an 
u n s a t i s f i a b I e  set of g r o u n d  i n s t a n c e s  of c l a u s e s  in S. O n e  
s u c h  S ’ is ( P C f C a ) ) ,  - P C f C a ) ) } .
S e v e r a l  r e f u t a t i o n  p r o c e d u r e s  h a v e  b e e n  d e v e l o p e d
b a s e d  on H e r b r a n d  ' s T h e o r e m .  The p r o b l e m  h o w e v e r  is that 
the c l a u s e  s p a c e  g r o w s  e x p o n e n t i a l l y  as on e  s u b s t i t u t e s  
t e r m s  f r o m  the H e r b r a n d  U n i v e r s e  into the e l e m e n t s  of the 
c l a u s e  set ( g e n e r a t i n g  g r o u n d  c l a u s e s ) .
T h e  r e s o l u t i o n  p r i n c i p l e  is a r e f u t a t i o n  p r o c e d u r e  
that a v o i d s  the n e e d  to g e n e r a t e  t h e s e  g r o u n d  c l a u s e s .  It 
c h e c k s  to se e  if the e m p t y  c l a u s e  is in the c u r r e n t  c l a u s e  
set. If so, then the set is u n s a t i s f i a b  I e . If not, it 
c h e c k s  to s e e  if the e m p t y  c l a u s e  can be d e r i v e d  f r o m  the 
c l a u s e s  in the set. S o m e  v e r s i o n  of the r e s o l u t i o n  
p r i n c i p l e  is at the h e a r t  of m a n y  ‘s u c c e s s f u l ’ m o d e r n - d a y  
t h e o r e m  p r o v e r s .  For that r e a s o n ,  the f o l l o w i n g  s e c t i o n  
will be d e v o t e d  to a d i s c u s s i o n  of the r e s o l u t i o n  p r i n c i p l e  
an d  its a s s o c i a t e d  v o c a b u l a r y .
4. T h e  R e s o l u t i o n  P r i n c i p l e .  A p p l i c a t i o n  of the 
r e s o l u t i o n  p r i n c i p l e  d e p e n d s  up o n  the a b i l i t y  to l o c a t e  a 
l i t e r a l  in o n e  c l a u s e  that is the c o m p l e m e n t  of a lite ra l 
in a n o t h e r  c l a u s e .  T h i s  task is not too d i f f i c u l t  for 
c l a u s e s  that c o n t a i n  no v a r i a b l e s ,  but it can b e c o m e  q u i t e  
d i f f i c u l t  for c l a u s e s  that do c o n t a i n  v a r i a b l e s .  For 
e x a m p l e ,  c o n s i d e r  the two l i t e r a l s  P ( x )  an d  - P ( f ( x ) ) .
By p e r f o r m i n g  the s u b s t i t u t i o n  x -> fta) in the fi rs t 
l i t e r a l  an d  x -> a in the s e c o n d  l i t e r a l ,  the c o m p l e m e n t a r y  
pair of c l a u s e s  P C f C a ) )  and - P C f C a ) )  is o b t a i n e d ,  e a c h  of 
w h i c h  is a g r o u n d  i n s t a n c e  ( c o n t a i n s  no v a r i a b l e s )  of the
o r i g i n a l  .
By p e r f o r m i n g  s u ch a s u b s t i t u t i o n ,  the tw o  l i t e r a l s
h a v e  b e e n  u n i  f i e d . O f t e n ,  i t  i s  d e s i r a b l e  t o  p e r f o r m  t h e
m o s t  g e n e r a l  u n i f i c a t i o n  p o s s i b l e .  A b o v e ,  this w o u l d  m e a n  
that the s u b s t i t u t i o n  in PC x )  w o u l d  be x -> f( x) , m a k i n g
the two c l a u s e s  P ( f C x ) )  an d  - P C f ( x ) ) .  N o w, c o n s i d e r  the 
m o r e  c o m p l e x  e x a m p l e  of a c l a u s e  c o n t a i n i n g  s e v e r a l  
l i t e r a l s .  T h e  s u b s t i t u t i o n  that u n i f i e s  a pa i r  of l i t e r a l s  
m u s t  be ‘ r e m e m b e r e d ’ w h e n  e x a m i n i n g  s u b s e q u e n t  l i t e r a l s  in 
the c l a u s e s .  For e x a m p l e ,  if the first c l a u s e  a b o v e  had 
b e e n  P ( x )  Q ( g C x ) ) ,  then a f t e r  the s u b s t i t u t i o n  for x was 
a p p l i e d ,  the ‘u n i f i e d ’ c l a u s e  w o u l d  be P ( f ( x ) ) ! Q C g C f ( x ) ) ) .
N o t e  the ‘ r e m e m b e r e d ’ s u b s t i t u t i o n  is a l s o  p e r f o r m e d  for x 
in the l i t e ra l Q ( g (x )).
U n i f i c a t i o n  p l a y s  an in t e g r a l  part in re»o I ut i o n - b a s e d  
t h e o r e m  p r o v i n g .  It c o m e s  into p l a y  not o n l y  in the 
p r o d u c t i o n  of r e s o l v e n t s ,  but a l s o  in the p e r f o r m a n c e  of 
s u b s u m p t i o n  w h e r e  two c l a u s e s  m u s t  be e x a m i n e d  to d e t e r m i n e  
if the l i t e r a l s  of on e  can be m a p p e d  into the l i t e r a l s  of 
the o t h e r .
S u b s t i t u t i o n  p l a y s  a vital role a l s o .  W h e n  t e s t i n g  
for u n i f i c a t i o n ,  the s u b s t i t u t i o n  d i s c o v e r e d  at one p a ir of 
l i t e r a l s  m u s t  be a p p l i e d  to s u b s e q u e n t  l i t e r a l s  in the 
c l a u s e s  Cat least t e m p o r a r i l y ) .  If t h e r e  is a c o n s i s t e n t  
s u b s t i t u t i o n  for a pair of c l a u s e s ,  then a r e s o l v e n t  m a y  be 
p r o d u c e d  f r o m  them. A r e s o l v e n t  is p r o d u c e d  f r o m  a pa i r  of 
c l a u s e s  by i g n o r i n g  a c o m p l e m e n t a r y  pair of l i t e r a l s  in 
them, and c o p y i n g  the r e m a i n i n g  l i t e r a l s  into the r e s o l v e n t
clause. F o r  e x a m p l e ,  g i v e n  t h e  p a i r  o f  l i t e r a l s :
P C x )  ! QC x )
- O C a )  ! R C b )
the r e s o l v e n t  PCa) ! R C b) m a y  be p r o d u c e d  u n d e r  the 
s u b s t i t u t i o n  { x -> a).
A n y  n e w  r e s o l v e n t s  m a y  be a d d e d  to the c l a u s e  sp a c e .
If the e m p t y  c l a u s e  is o n e  of the r e s o l v e n t s  p r o d u c e d ,  then 
the d e s i r e d  r e f u t a t i o n  has b e e n  fo un d. N e w  c l a u s e s  
p r o d u c e d  Ci.e. the r e s o l v e n t s )  m a y  be s u b s u m e d  by old 
c l a u s e s ,  or the n e w  c l a u s e s  m a y  s u b s u m e  old c l a u s e s .  In 
e i t h e r  ca se , a s u b s u m e d  c l a u s e  m a y  be d e l e t e d  f r o m  the 
c l a u s e  s p a c e .  T h is r e d u c e s  the n u m b e r  of c l a u s e s  that m u s t  
be e x a m i n e d  in s u b s e q u e n t  ' p a s s e s ’ of the r e s o l u t i o n  
p r o c e d u r e  .
5. S u b s u m p t  i o n .
De f i n i t i o n : A c l a u s e  Cl subs ume s a c l a u s e  C2 if the
v a r i a b l e s  of C1 can be i n s t a n t i a t e d  in s u c h  a w a y  that all 
the r e s u l t i n g  l i t e r a l s  of C1 a p p e a r  in C2.
As an e x a m p l e ,  the c l a u s e  P C x) s u b s u m e s  the c l a u s e  
PCa) b e c a u s e  the c l a u s e  PC x )  m a k e s  a m o r e  g e n e r a l  s t a t e m e n t  
Cx is a v a r i a b l e  an d  a is a c o n s t a n t ) .  The c l a u s e  P C a , b ) 
s u b s u m e s  P C a , b )  ! P C c , b ) .  If the p r e d i c a t e  P m e a n s  ‘ is the 
f a t h e r  o f ’ , then the k n o w l e d g e  that a is the f a t h e r  of b is 
m o r e  u s e f u l  than the m e r e  k n o w l e d g e  that e i t h e r  a or c is 
the f a t h e r  of b.
N o t e  that the a b o v e  d e f i n i t i o n  of s u b s u m p t i o n  p e r m i t s  
a lo n g e r  c l a u s e  to s u b s u m e  a s h o r t e r  one. For e x a m p l e .
P C x , y ) ! P C y , x )
s u bs ume s
P C a , a D .
S o m e t i m e s  t h is p a r t i c u l a r  type of s u b s u m p t i o n  is not 
d e s i r a b l e  b e c a u s e  it p e r m i t s  g e n e r a t e d  f a c t o r s  to be 
s u b s u m e d  by th e i r  p a r e n t .  H o w e v e r ,  it is a s i m p l e  m a t t e r  
to p r o h i b i t  this f o r m  of s u b s u m p t i o n  m e r e l y  by c o u n t i n g  the 
l i t e r a l s  in e a c h  c a n d i d a t e  c l a u s e .  O n l y  full s u b s u m p t i o n  
is c o n s i d e r e d  h e r e ,  w i t h  the u n d e r s t a n d i n g  that the a b o v e  
r e s t r i c t i o n  m a y  be d e s i r e d  in c e r t a i n  a p p l i c a t i o n s .
A u t o m a t e d  t h e o r e m  p r o v e r s  u s u a l l y  c o n s i d e r  s u b s u m p t i o n  
to be of two f o r m s :  f o r w a r d  and b a c k w a r d .  In b o t h  c a s e s ,  
the test is to see if on e  c l a u s e  s u b s u m e s  a n o t h e r  b a s e d  on 
the d e f i n i t i o n .  T h e  d i f f e r e n c e  lies in w h i c h  c l a u s e  is the 
s u b s u m e r  a n d  w h i c h  is the s u b s u m e d .  F o r w a r d  s u b s  urno tion 
c h e c k s  to see if a n y  ol d  c l a u s e s  s u b s u m e s  a n e w l y  g e n e r a t e d  
one. B a c k w a r d  su b s  ump tion c h e c k s  to see if a n e w  c l a u s e  
s u b s u m e s  a n y  old on e s .
S u b s u m e d  c l a u s e s  ar e  d e l e t e d  f r o m  the c l a u s e  s p a c e  to 
r e d u c e  the w o r k  r e q u i r e d  in s u b s e q u e n t  s t e p s ,  i.e. the 
f e w e r  c l a u s e s  th e r e  are to be e x a m i n e d ,  the f e w e r  
r e s o l v e n t s  that are l i k e l y  to be g e n e r a t e d .  T h i s  a b i l i t y  
of s u b s u m p t i o n  to r e d u c e  the w o r k  r e q u i r e d  is of c o u r s e  the 
r e a s o n  that it has b e c o m e  an in t e g r a l  p a rt of m a n y  m o d e r n  
t h e o r e m  p r o v e r s .  The L i t e r a t u r e  R e v i e w  s e c t i o n  d i s c u s s e s  
the use of s u b s u m p t i o n  in some of th e s e  t h e o r e m  p r o v e r s .
u n d e r  t h e  s u b s t i t u t i o n  o f  f x  - >  a ,  y - >  b ) , t h e  c l a u s e
It is e a s y  to g i v e  a r e a s o n a b l y  s t r a i g h t f o r w a r d  
s u b s u m p t i o n  a l g o r i t h m  b a s e d  on the d e f i n i t i o n  p r e s e n t e d  
a b o v e .  A l t h o u g h  the p u r p o s e  of this t h e s i s  is to e x a m i n e  a 
m u  I t i p r o c e s s e d  v e r s i o n  of s u b s u m p t i o n ,  a s e q u e n t i a l  v e r s i o n  
is e x a m i n e d  so that the r e a d e r  m a y  gain s o me i n t u i t i o n  as 
to the b a s i c  ideas that c a r r y  o v er into the m u l t i p r o c e s s o r  
v e r s i o n .  T h e  a l g o r i t h m  b e l o w  is of c o u r s e  in p s e u d o - c o d e .  
It d e s c r i b e s  the l o g i c  for p e r f o r m i n g  f o r w a r d  s u b s u m p t i o n ;  
d i f f e r e n c e s  r e l e v a n t  to b a c k w a r d  s u b s u m p t i o n  a r e  d i s c u s s e d  
in the s u b s e q u e n t  p a r a g r a p h .  The code is q u i t e  s i m i l a r  to 
that g i v e n  by O v e r b e e k  an d  Lusk [81.
P R O C E D U R E  F O R W A R D  S U B S U M P T I O N  C N E W _ C L A U S E )  
set rc to 0;
P o i n t  n l p t r  to the 1st literal in the 
w h i l e  (rc == 0 and n l p t r  not = N I L )
n e w  c l a u s e
F o r m the set of 1 i t e r a l s  (S) w h i c h  a r e  1 i k  e i y
h a v e t h is 1 itera! of the n ew c l a u s e a s a n
i n s t a n c e .
Set j t o 1 5
w h  i 1 e (rc = = 0
an d th e r e are m o  re tits in the s e t S)
set the s u b s t i t u t i o n  to n u l l ;
d i s c o v e r  if this n e w  li t e r a 1 is a n
i n s t a n c e  of the jth l i te ra l i n S
( a d d i n g  to the su bs t if so) 5
i f i t is an i n s t a n c e
f o r m the set of all l i t e r a l s in
the n e w  c l a u s e  e x c e p t  th is one
t o
( p o i n t e d  to by n l p t r ) ;  
see if the ol d  c l a u s e  s u b s u m e s  the 
n e w  c l a u s e  un d e r  the s u b s t i t u t i o n  
if it d o es s u b s u m e  the n e w  c l a u s e  
3 e t r c = 1 ;
set j to j +1 ;
e n d  wh i I e ;
p o i n t  n l p t r  to the next l i t e r a l  in n e w  c l a u s e ;  
end w h i l e ;
In the a b o v e  a l g o r i t h m , the r o u t i n e  w h i c h  ‘s e e s  if the old
c l a u s e  s u b s u m e s  t h e  new c l a u s e  u n d e r  t h e  s u b s t i t u t i o n ’ , i s
a r e c u r s i v e  r o u t i n e  w h i c h  a t t e m p t s  to m a p  the s p e c i f i e d  
l i t e r a l s  of on e  c l a u s e  into the l i t e r a l s  of a n o t h e r  u n d e r  a 
g i v e n  s u b s t i t u t i o n .  It is g e n e r a l  e n o u g h  to be u s ed by 
b o t h  f o r w a r d  and b a c k w a r d  s u b s u m p t i o n .
The l o g i c  for b a c k w a r d  s u b s u m p t i o n  is v e r y  s i m i l a r  to 
that for f o r w a r d  s u b s u m p t i o n ,  w i t h  a few m i n o r  e x c e p t i o n s :
- the s e a r c h  for l i t e r a l s  in old c l a u s e s  is for 
l i t e r a l s  that are less g e n e r a l  than the n e w  c l a u s e ' s  
l i t e r a l ,  i.e. l i t e r a l s  that are li k e l y  to be an i n s t a n c e  of 
the n e w  one,
- the test for s u b s u m p t i o n  of one c l a u s e  by the o t h e r  
is r e v e r s e d ,  i.e. the r e c u r s i v e  r o u t i n e  d e s c r i b e d  m u s t  no w  
test to see if the n e w  c l a u s e  s u b s u m e s  the old one,
- the o u t e r m o s t  w h i l e - l o o p  is u n n e c e s s a r y .  L e a v i n g  
out this loop m e a n s  that o n l y  the first literal in the new 
c l a u s e  will be v i s i t e d  w h e n  a t t e m p t i n g  to find c a n d i d a t e  
l i t e r a l s  w i t h i n  c l a u s e s  that m a y  s u b s u m e  the n e w  one. The 
r e a s o n i n g  h e r e  m e r i t s  an e x a m p l e :
E x a m o  I e Z.
In f o r w a r d  s u b s u m p t i o n ,  c o n s i d e r  the o v e r s i m p l i f i e d  
c a s e  w h e r e  the old c l a u s e  set c o n s i s t s  of o n l y  the c l a u s e  :
Q ( x )
and the n e w  c l a u s e  un de r c o n s i d e r a t i o n  is :
P ( x ) I Q( x  ) .
Of c o u r s e ,  the old c l a u s e  s u b s u m e s  the n e w  one, but it 
r e q u i r e s  v i s i t i n g  all of the n e w  c l a u s e ’s l i t e r a l s  to
d i s c o v e r  this fact, w h i c h  is w h a t  the f o r w a r d  s u b s u m p t i o n  
a l g o r i t h m  do es .
N o w  c o n s i d e r  b a c k w a r d  s u b s u m p t i o n ,  and the sa m e  s i m p l e  
c l a u s e s .  In this case, it is s u f f i c i e n t  to d i s c o v e r  that 
no ol d  c l a u s e  c o n t a i n s  the p r e d i c a t e  P in any of its l i t e r a l s  
to d e t e r m i n e  that the n e w  c l a u s e  will not s u b s u m e  it.
N e x t ,  c o n s i d e r  the p r o c e d u r e  that t e s t s  to see if one 
lite ra l is an i n s t a n c e  of a n o t h e r  on b e h a l f  of the 
s u b s u m p t i o n  r o u t i n e .  T h i s  r o u t i n e  is e s s e n t i a l l y  a 1 - 
d i r e c t i o n  u n i f i c a t i o n  r o u t i n e .  It is c a l l e d  1 - d i r e c t i o n  
b e c a u s e  u n i f i c a t i o n  is t e s t e d  o n l y  in the d i r e c t i o n  for 
w h i c h  s u b s u m p t i o n  is b e i n g  p e r f o r m e d .  It e x a m i n e s  p a i r s  of 
l i t e r a l s ,  not w h o l e  c l a u s e s .
For e x a m p l e ,  c o n s i d e r  the ca s e  in w h i c h  it is n e c e s s a r y  
to d e t e r m i n e  w h e t h e r  the lite ra l:
P C a 1
s u b s u m e s  the literal
PCx).
A g e n e r a l  u n i f i c a t i o n  r o u t i n e  w o u l d  i n d i c a t e  that the 
s u b s t i t u t i o n  x -> a w o u l d  u n i f y  the two l i t e r a l s .  But, 
e x a m i n a t i o n  in o n l y  one d i r e c t i o n  is r e q u i r e d  for this 
ca se . S i n c e  the s u b s t i t u t i o n  of a v a r i a b l e  for a c o n s t a n t  
is i l l e g a l ,  no u n i f i c a t i o n  can be p e r f o r m e d ,  an d  thus no 
s u b s u m p t i o n  t a k e s  p l a c e .
If the r o l e s  of the l i t e r a l s  w e r e  r e v e r s e d  h o w e v e r ,  
the s u b s t i t u t i o n  of a for x w o u l d  be f o u n d  an d  the d e s i r e d  
s u b s u m p t i o n  w o u l d  oc c u r .
6. M u l t i p r o c e s s i n g  C o n c e p t s . In the p a s t ,  d r a m a t i c
i n c r e a s e s  in c o m p u t e r  s p e e d s  w e r e  r e a l i z e d  due to a d v a n c e s  
in the t e c h n o l o g y  for p r o d u c i n g  the e l e c t r o n i c  c o m p o n e n t s .  
T o d a y  h o w e v e r ,  the li m i t s  of i n c r e a s e s  a v a i l a b l e  t h r o u g h  
that m e t h o d  ar e  b e i n g  a p p r o a c h e d .  S i g n a l  p r o p a g a t i o n  
d e l a y s ,  w h i c h  c o u l d  be i g n o r e d  p r e v i o u s l y ,  h a v e  c o me to be 
s i g n i f i c a n t .  S i g n a l  p r o p a g a t i o n  d e l a y s  m a y  t y p i c a l l y  be 
m e a s u r e d  in te r m s  of n a n o s e c o n d s ,  but f a s t - l o g i c  d e l a y s  m a y  
be m e a s u r e d  in t e r m s  of p i c o s e c o n d s .  In s h o r t ,  o t h e r  
a v e n u e s  for g a i n i n g  s p e e d  i n c r e a s e s  s h o u l d  be c o n s i d e r e d .  
M u l t i p r o c e s s i n g  is on e  s u c h  a v e n u e .
T h e  t e r m  m u l t i p r o c e s s i n g  of c o u r s e  i m p l i e s  the use of 
m u l t i p l e  p r o c e s s o r s .  S o m e t i m e s  the t e r m  is u s e d  to refer 
to a n y  e n v i r o n m e n t  c o n s i s t i n g  of m o  re than o n e  p r o c e s s o r ,  
no m a t t e r  h o w  l o o s e l y  they m a y  be c o u p l e d .  H e r e  h o w e v e r ,  
the t e r m  r e f e r s  to p r o c e s s o r s  that are t i g h t l y  c o u p l e d .
T h e y  c o m m u n i c a t e  and s h a r e  i n f o r m a t i o n ,  t h r o u g h  c o m m o n  
m e m o r y ,  a b o u t  a c o m m o n  p r o b l e m  w h i c h  th e y  are a t t e m p t i n g  to 
s o l v e .  Th e  p r o g r a m  d e s c r i b e d  in this t h e s i s  c o o r d i n a t e s  
w o r k  b e t w e e n  m u l t i p l e  p r o c e s s o r s  to d e t e r m i n e  if any 
s u b s u m p t i o n  o c c u r s  w i t h i n  a c l a u s e  sp a c e .
C o o r d i n a t i o n  of p r o c e s s e s  r u n n i n g  on s e p a r a t e  
p r o c e s s o r s  o f t e n  r e q u i r e s  m u t u a l  e x c l u s i o n , i.e. the 
i n d i v i d u a l  p r o c e s s e s  m u s t  be p r o h i b i t e d  f r o m  a c c e s s i n g  the 
s a m e  r e s o u r c e  at the s a m e  time. That p o r t i o n  of c o d e  w h i c h  
a c c e s s e s  the s h a r e d  r e s o u r c e  is c a l l e d  the g.f i -Li C ft I
s e c t i o n . R e s e a r c h  in this a r ea o r i g i n a l l y  d e v e l o p e d  out of
the s t u d y  of o p e r a t i n g  s y s t e m s  19]. O n e  m e t h o d  d e v e l o p e d  
f r o m  that r e s e a r c h  m a k e s  use of s p e c i a l  s e c t i o n s  of c o d e  
c a l l e d  m o n i t o r s  M O ] .  (See the L i t e r a t u r e  R e v i e w  s e c t i o n  
for a d d i t o n a l  r e f e r e n c e s  on th es e t o p i c s . )
M o n i t o r s  are u s e d  e x t e n s i v e l y  in the p r o g r a m  d e s c r i b e d  
by this t h e s i s .  Th e  f o l l o w i n g  d i s c u s s i o n  g i v e s  a m o r e  
d e t a i l e d  d e s c r i p t i o n  of them.
A m o  n i tor is an a b s t r a c t  c o n c e p t  c o n s i s t i n g  of th r e e
p a r t s :
(1) the s h a r e d  r e s o u r c e  itse lf , or a d a t a  
s t r u c t u r e  r e p r e s e n t i n g  the r e s o u r c e ,
(2) the c o d e  to i n i t i a l i z e  the s h a r e d  
s t r u c t u r e s ,
(3) the c o d e  w h i c h  p e r f o r m s  the c r i t i c a l  
s e c t i o n  o p e r a t i o n s  on the r e s o u r c e .
The o p e r a t i o n s  of a m o n i t o r  m a y  be c a l l e d  by a n y  p r o g r a m  at
any time. 1 t i s n e c e s s a r y , h o we v e r , that o n l y one p r o g r  am
b e a b l e  to e n t e r the m o  ni to r at one t i m e  . F r o m a p r o g r  a m ’s
p o in t of v i e w the m o n  i t o r is a se ri al 1 y r e u s a b 1e r e s o u r c e .
T h i s  d o e s  not im pl y that the c a l l i n g  p r o g r a m s  a r e  c o m p l e t e l y  
s e r i a l i z e d ;  t h ey ar e  m e r e l y  s e r i a l i z e d  t h r o u g h  their c r i t i c a  
s e c t i o n s  in w h i c h  they a c c e s s  a s h a r e d  r e s o u r c e .
E a r l i e r ,  it w a s  m e n t i o n e d  that the c o n c e r n  in this 
t h e s i s  is for m u t u a l  e x c l u s i o n  b e t w e e n  c l o s e l y  c o u p l e d  
p r o c e s s e s  that are a t t e m p t i n g  to s o l v e  p o r t i o n s  of a c o m m o n  
p r o b l e m .  T h e  r e l e v a n t  type of m a c h i n e  a r c h i t e c t u r e  is 
o f t e n  r e f e r r e d  to as M I M D  ( M u l t i p l e  I n s t r u c t i o n  s t r e a m .  
M u l t i p l e  D a t a  s t r e a m ) .  In this type of m a c h i n e ,  the
s e p a r a t e  p r o c e s s o r s  m a y  be e x e c u t i n g  s e p a r a t e  p r o c e d u r e s  
( m u l t i p l e  i n s t r u c t i o n  s t r e a m s ) .  This d i f f e r s  f r o m  a S I M D  
a r c h i t e c t u r e  w h e r e  a s i n g l e  i n s t r u c t i o n  s t r e a m  is e x e c u t e d  
s i m u l t a n e o u s l y  by s e v e r a l  p r o c e s s o r s  o p e r a t i n g  on s e p a r a t e  
s e ts of d a t a .  The s p e c i f i c  h a r d w a r e  d e s c r i b e d  is the 
D e n e l c o r  HE P ,  a l t h o u g h  the a l g o r i t h m  d e s c r i b e d  is not 
s p e c i f i c  to the H E P .
The H E P ' s  logic f u n c t i o n s  are p i d e I i ned to g a i n  the 
d e s i r e d  p a r a l l e l i s m .  On the HE P ,  a P r o c e s s  E x e c u t i o n  
M o d u l e  (P EM ) c o n t a i n s  the p i p e l i n e .  E a c h  100 n a n o s e c o n d s  a 
n e w  i n s t r u c t i o n  can e n t e r  the PEM, and at the s a m e  ti m e  an 
i n s t r u c t i o n  that p r e v i o u s l y  e n t e r e d  the P E M  can exit.
T h e r e  are e i g h t  s t e p s  t h r o u g h  the PEM, and thus the total 
time for o n e  i n s t r u c t i o n  t h r o u g h  the P E M  is 8 0 0  n a n o s e c o n d s .  
A l t h o u g h  a g i v e n  H E P  m a y  h a ve as m a n y  as s i x t e e n  P E Ms 
i n s t a l l e d ,  s p e e d - u p s  of 8 to 12 are a t t a i n a b l e  on a s i n g l e -  
P E M  HEP.
The H E P  a l s o  i n c l u d e s  e x t e n s i o n s  to its r e s i d e n t  
l a n g u a g e s  to s u p p o r t  p a r a l l e l i s m  by user p r o g r a m s .  Th e  
C R E A T E  v e r b  a l l o w s  the p r o g r a m m e r  to i n i t i a t e  e x e c u t i o n  of 
a s u b r o u t i n e  as a s e p a r a t e  p r o c e s s ,  i.e. the s u b r o u t i n e  
e x e c u t e s  in p a r a l l e l  w i t h  the m a i n l i n e .  O t h e r  v e r b s  p e r m i t  
the user to treat v a r i a b l e s  as a s y n c h r o n o u s  if d e s i r e d .
An a s y n c h r o n o u s  A W R I T E  m a y  be d o n e  to a v a r i a b l e  o n l y  
if the v a r i a b l e  is ‘e m p t y ’ , and an A R E A D  can be d o n e  o n l y  
if the v a r i a b l e  is ‘ fu ll *. T h e s e  a s y n c h r o n o u s  r o u t i n e s
p e r m i t  the d e v e l o p m e n t  of m a n y  us e f u l  s y n c h r o n i z a t i o n
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p r i m i t i v e s  s u c h  as a B A R R I E R  that p e r m i t s  e a c h  of s e v e r a l  
p r o c e s s e s  to h a n g  at a g i v e n  l o c a t i o n  un ti l s o m e  s p e c i f i e d  
n u m b e r  of p r o c e s s e s  h a v e  r e a c h e d  the s a m e  p o i n t .
T h e  m o n i t o r s  d e s c r i b e d  e a r l i e r  are b u i l t  as m a c r o s  
w h i c h  u t i l i z e  t h e s e  a s y n c h r o n o u s  r o u t i n e s .  L u s k  and 
O v e r b e e k  [101 ha v e  d e v e l o p e d  the m o n i t o r s  in s u c h  a w a y  
h o w e v e r ,  that the m a c h i n e - IeveI d e t a i l s  are h i d d e n .  Th e  
user is p r o v i d e d  the l u x u r y  of t h i n k i n g  in t e r m s  of 
m o n i t o r s  r a t h e r  than in t e r m s  of l o w - l e v e l  d e t a i l s  of the 
HEP. T h i s  f o r m  of p r o g r a m  d e v e l o p m e n t  m a k e s  p r o g r a m s  
h i g h l y  p o r t a b l e  to m u l t i p r o c e s s o r s  o t h e r  than the HEP, 
b e c a u s e  the m a c r o s  are all that m u s t  be r e - w r i t t e n  s i n c e  
the m a c h i n e - d e p e n d e n t  d e t a i l s  are h i d d e n  w i t h i n  them. The 
use of t h e s e  m o n i t o r  m a c r o s  w i t h i n  the p r o g r a m  is d i s c u s s e d  
in the P r o c e d u r e s  s e c t i o n  of C O D I N G  A N D  I M P L E M E N T A T I O N .
Th e  r e a d e r  i n t e r e s t e d  in a m o r e  d e t a i l e d  d i s c u s s i o n  of 
s u b s u m p t i o n  or m u l t i p r o c e s s i n g  is d i r e c t e d  to the L i t e r a t u r e  
R e v i e w  s e c t i o n  for r e f e r e n c e s ,  s e v e r a l  of w h i c h  c o n t a i n
la rg e b i b l i o g r a p h i e s .
C. L 1 T E R A H J R E  R £ V  IELW
The p r e c e d i n g  s e c t i o n s  w e r e  i n t e n d e d  to p r o v i d e  b o t h  a 
h i s t o r i c a l  p e r s p e c t i v e  of a u t o m a t e d  t h e o r e m  p r o v i n g  in 
g e n e r a l ,  an d  a w o r k i n g  v o c a b u l a r y  s u f f i c i e n t  to u n d e r s t a n d  
a d i s c u s s i o n  of m u  I t i p r o c e s s e d  s u b s u m p t i o n .  T h e  t r e a t m e n t  
of s u b s u m p t i o n  and m u l t i p r o c e s s i n g  in the l i t e r a t u r e  is no w  
e x a m  i n e d .
1. S u b s  ump t i o n . The c o n c e p t  of s u b s u m p t i o n  w a s  first 
i n t r o d u c e d  in J. A. R o b i n s o n ' s  l a n d m a r k  p a p e r  "A M a c h i n e -  
O r i e n t e d  L o g i c  B a s e d  on the R e s o l u t i o n  P r i n c i p l e "  [11], 
w h e r e  the p r i n c i p l e  of r e s o l u t i o n  w a s  a l s o  i n t r o d u c e d .  In 
that p a p e r ,  R o b i n s o n  c a l l s  s u b s u m p t i o n  a s e a r c h  p r i n c i p l e ,  
to d i s t i n g u i s h  it f r o m  i n f e r e n c e  p r i n c i p l e s  s u c h  as 
r e s o l u t i o n .
S u b s u m p t i o n  is not a rule of i n f e r e n c e .  R a t h e r  it is 
a p r o c e s s  that m a y  be u s e d  in c o n j u n c t i o n  w i t h  ru le s of 
i n f e r e n c e  to s p e e d  up the rate of c o n v e r g e n c e  to a d e s i r e d  
p r o o f .  It a c c o m p l i s h e s  this by d e l e t i n g  c l a u s e s  that are 
less g e n e r a l  than ot h e r  c l a u s e s  in the c l a u s e  sp a c e .
R o b i n s o n  d e s c r i b e s  s u b s u m p t i o n  as:
If C a n d  D are two d i s t i n c t  n o n e m p t y  c l a u s e s ,  we say 
that C s u b s u m e s  D just in ca s e  t h e r e  is a s u b s t i t u t i o n  %  
s u ch that C %  J. D ( w h e r e  ±  is u s e d  for s u b s e t  n o t a t i o n ) .
He a l s o  g i v e s  the s u b s u m p t i o n  t h e o r e m :
If S is any f i n i t e  set of c l a u s e s ,  an d  D is any c l a u s e  
in S w h i c h  is s u b s u m e d  by some c l a u s e  in S - CD), then S is
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s a t i s f i a b l e  if and o n l y  if S - (D) is s a t i s f i a b l e .
Th e  s u b s u m p t i o n  p r i n c i p l e  is then s t a t e d :
O n e  m a y  d e l e t e ,  f r o m  a f i n i t e  set S of c l a u s e s ,  an y  
c l a u s e  D w h i c h  is s u b s u m e d  by a c l a u s e  in S - CD).
A n d  f i n a l l y ,  R o b i n s o n  g i v e s  an a l g o r i t h m  for d e c i d i n g  
if on e  c l a u s e  s u b s u m e s  a n o t h e r .
R o b i n s o n ' s  p a p e r  is r e g a r d e d  as a l a n d m a r k  b e c a u s e  of 
its c o n t r i b u t i o n  of the r e s o l u t i o n  p r i n c i p l e ,  thus its 
t r e a t m e n t  of s u b s u m p t i o n  is o f t e n  o v e r l o o k e d .  R o b i n s o n  
' i n v e n t e d *  the r e s o l u t i o n  p r i n c i p l e  w i t h  c o m p u t i n g  m a c h i n e s  
in m i n d ,  h o w e v e r .  T h u s ,  he did not w i s h  to s t o p  w i t h  a 
p r i n c i p l e  that is m e r e l y  c o r r e c t  t h e o r e t i c a l l y .  He k n e w  
that the p r i n c i p l e  m u s t  be a p p l i c a b l e  in real time on a 
c omp u t e r .
S u b s u m p t i o n  a s s i s t s  in m a k i n g  r e s o l u t i o n  f a s t e r  by 
r e d u c i n g  the w o r k  that has to be done. By d e l e t i n g  
s u b s u m e d  c l a u s e s ,  the n u m b e r  of c l a u s e s  that m u s t  be 
e x a m i n e d  t a n d  thus the n u m b e r  of r e s o l v e n t s  that m a y  be 
p r o d u c e d )  ca n  be g r e a t l y  r e d u c e d .  In o t h e r  w o r d s ,  the 
r e s o l u t i o n  p r i n c i p l e  w o r k s  w i t h o u t  s u b s u m p t i o n ,  but can be 
s p e e d e d  up w i t h  its a p p l i c a t i o n .  F u r t h e r ,  no loss of po we r 
o c c u r s  by the a p p l i c a t i o n  of s u b s u m p t i o n .
T h i s  last s t a t e m e n t  can be a r g u e d  to s o m e  e x t e n t .  For 
e x a m p l e ,  s o m e t i m e s  a s t r a t e g y  is e m p l o y e d  w h i c h  g o v e r n s  the 
use of i n f e r e n c e  rules. The set of s u p p o r t  s t r a t e g y  12] is 
one w h i c h  d i v i d e s  the c l a u s e  s p a c e  into two se t s ,  one of 
w h i c h  is s a i d  to ‘h a v e  s u p p o r t * .  The s t r a t e g y  is o f t e n
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u s e f u l  b e c a u s e  it h e l p s  to fo c u s  a t h e o r e m  p r o v e r ’s 
a t t e n t i o n  on the p r o b l e m  r a t h e r  than a l l o w i n g  it to w a n d e r  
a i m l e s s l y .  T h e r e  is the risk h o w e v e r  that a c l a u s e  w i t h  
s u p p o r t  w h i c h  is n e e d e d  in the p r o o f  m a y  be s u b s u m e d .  
H o w e v e r ,  if the s u b s u m i n g  c l a u s e  is g i v e n  s u p p o r t  w h e n  this 
h a p p e n s ,  t h en the d e s i r e d  d e d u c t i o n  is p e r m i t t e d .
B e f o r e  l i s t i n g  any a d d i t i o n a l  p a p e r s  w h i c h  d i s c u s s  
s u b s u m p t i o n ,  it m i g h t  p r o v e  us ef ul to m e n t i o n  s e v e r a l  
t e x t b o o k s  that c o v e r  the to pi c in v a r y i n g  d e g r e e s  of 
d e t a i l .  T h e y  m a y  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  if the 
r e a d e r  f e e l s  o v e r w h e l m e d  at this p o i n t .
F i r s t ,  the text by C h a n g  and Lee [31 is an e x c e l l e n t  
r e f e r e n c e  on a u t o m a t e d  t h e o r e m  p r o v i n g .  In an a p p e n d i x  
they e v e n  i n c l u d e  a small t h e o r e m  p r o v e r  w r i t t e n  in Lisp.
It is, of c o u r s e ,  l i m i t e d  in its c a p a b i l i t i e s ,  but s e r v e s  
as a g o o d  i n s t r u c t i o n  d e v i c e .  Th e  c h a p t e r  on the 
r e s o l u t i o n  p r i n c i p l e  i n c l u d e s  a d i s c u s s i o n  of s u b s u m p t i o n  
as a d e l e t i o n  s t r a t e g y .  The s a m p l e  t h e o r e m  p r o v e r  in the 
a p p e n d i x  p e r f o r m s  a test for s u b s u m p t i o n  by u n i t  c l a u s e s  
(t h i s  is f a i r l y  c o m m o n  b e c a u s e  it is m o d e r a t e l y  e a sy to 
p e r f o r m ) .
S e c o n d ,  the text by L o v e l a n d  [121 c o n t a i n s  a c h a p t e r  
on s u b s u m p t i o n .  Hi s  d e f i n i t i o n  of s u b s u m p t i o n  is s o m e w h a t  
s t r o n g e r  t h an that w h i c h  we ha v e  b e en u s i n g ;  it r e q u i r e s  
that the s u b s u m i n g  c l a u s e  C and the s u b s u m e d  c l a u s e  D h a v e  
the r e l a t i o n s h i p  that A C  -> A O  ( c l a u s e  C w i t h  all v a r i a b l e s  
u n i v e r s a l l y  q u a n t i f i e d  i m p l i e s  c l a u s e  D) is v a l i d .  H e  u s e s
the t e r m  t h e t a - s u b s u m p t i o n  for the f o r m  of s u b s u m p t i o n  that 
R o b i n s o n  s u g g e s t e d  ( i n c l u d i n g  the n u m b e r  of l i t e r a l s  test 
to e n s u r e  that s h o r t e r  c l a u s e s  are not d e l e t e d ) .  He s t a t e s  
that t h e t a - s u b s u m p t i o n  "is a m o r e  us ef ul s u b s u m p t i o n  
c r i t e r i o n  for d e l e t i o n  or r e p l a c e m e n t  than the s t r o n g e r  
s u b s u m p t i o n  c r i t e r i o n " .  Thus, the t e r m  s u b s u m p t i o n  w i ll 
c o n t i n u e  to be u s e d  he r e  as d e f i n e d  by R o b i n s o n .
L o v e l a n d  g o e s  on to s u g g e s t  that a t h e o r e m  p r o v e r  m a y  
r e a c h  the p o i n t  w h e r e  it is not w o r t h  the e f f o r t  to p e r f o r m  
a s u b s u m p t i o n  test b e c a u s e  such a test can be q u i t e  ti m e -  
c o n s u m i n g .  He t h e r e f o r e  s u g g e s t s  its use in l i m i t e d  
a p p l i c a t i o n s  s u c h  as o n l y  w h e n  the s u b s u m i n g  c l a u s e  is a 
unit c l a u s e .  H i s  s u g g e s t i o n  h o w e v e r ,  is m a d e  un de r the 
a s s u m p t i o n  that the s u b s u m p t i o n  c h e c k  is p e r f o r m e d  u s i n g  
"t h e  r e s o l u t i o n  a p p a r a t u s  a l r e a d y  a v a i l a b l e " .  (See C h a n g  
and L e e ’s text for an a l g o r i t h m  w h i c h  d e m o n s t r a t e s  this
type o f a p p a r a t u s . )  1t w i 1 1 be seen in s o me of the
u p c o m i  ng p a p e r s  that this is not n e c e s s a r i l y  the case
refer t o the d e s c r i p t i on of the f o r w a r d  s u b s u m p t i o n
a l g o r i t hm in the previ ous s e c t i o n ,  and n o te that i t
con t a i n s n o me nt ion of any r e s o 1u t i o n  a p p a r a t u s .
T h i r d ,  is N i l s s o n ’s text [131. It c o n t a i n s  v e r y  
l i m i t e d  d e t a i l  a b o u t  e a c h  of the a r e a s  d i s c u s s e d  he re , but 
it i3 f a i r l y  e a s y  to re a d  for t h o s e  not l o o k i n g  for an in- 
d e p t h  st u d y .
F i n a l l y ,  the m o s t  re c e n t  b o o k  in this a r e a ,  is 
A u t o m a  ted R e a s o n  i no by W o s , et. al. 12). R e m e m b e r  that W o  s
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s u g g e s t e d  the t e r m  a u t o m a t e d  r e a s o n i n g  for this s u b j e c t .
In this b o o k ,  the topic of a u t o m a t e d  r e a s o n i n g  is t r e a t e d  
w i t h  a u t o m a t e d  t h e o r e m  p r o v i n g  h a n d l e d  as a s u b - a r e a .  E a c h  
s u b j e c t  is t r e a t e d  at s e v e r a l  le ve ls of d e t a i l .  For 
e x a m p l e ,  t h e r e  are c h a p t e r s  that speak on an i n t u i t i v e  
level, as w e l l  as c h a p t e r s  that treat the t o p i c s  in a 
fo rm al m a n n e r .  M a n y  e x a m p l e s  are p r o v i d e d .
The t o p i c  of s u b s u m p t i o n  is i n c l u d e d  t h r o u g h o u t  the 
text as it r e l a t e s  to e a c h  of the o t h e r  t o p i c s  under 
d i s c u s s i o n .  C h a p t e r  four is w h e r e  the best ' s t a n d - a l o n e '  
t r e a t e m e n t  of s u b s u m p t i o n  a p p e a r s .  The e x e r c i s e s  are 
e x t r e m e l y  h e l p f u l .  T h e y  p r o v i d e  some of the b e s t  i n s i g h t s  
into s u b s u m p t i o n ,  and a n s w e r s  are p r o v i d e d  to a s s i s t  the 
r e a d e r .
The f o l l o w i n g  p a p e r s  are c o v e r e d  in a p p r o x i m a t e l y  
c h r o n o l o g i c a l  o r d e r  of p u b l i c a t i o n  date, but that o r d e r i n g  
is i g n o r e d  if two or mo re p a p e r s  s h o u l d  l o g i c a l l y  be 
g r o u p e d  t o g e t h e r .  A l t h o u g h  the c i t a t i o n  for e a c h  p a p e r  is 
for the o r i g i n a l  p u b l i c a t i o n  of the p a p e r ,  s e v e r a l  of the 
l a n d m a r k  p a p e r s  are r e p r i n t e d  in the t w o - v o l u m e  set 
Au t o m a t i o n  o f R e a s o n  i no 14, 5], w h i c h  m a y  be m o r e  r e a d i l y
a v a i table.
In 1964, the pa p e r  " T h e  Unit P r e f e r e n c e  S t r a t e g y  in 
T h e o r e m  P r o v i n g "  1141 w a s  p u b l i s h e d  by W o s .  T h i s  p a p e r  
i n t r o d u c e s  an ‘e n h a n c e m e n t ’ to the b a s i c  r e s o l u t i o n  
p r i n c i p l e  d e v i s e d  by R o b i n s o n .  It s u g g e s t s  that unit 
( s i n g l e  l i t e r a l ]  c l a u s e s  be p r e f e r r e d  for f o r m i n g
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r e s o l v e n t s .  N o t e  that this pa pe r a c t u a l l y  a p p e a r e d  b e f o r e  
R o b i n s o n ’s. It r e f e r e n c e s  R o b i n s o n ' s  p a p e r  as "to be 
p u b l i s h e d " .  T h u s ,  s u b s u m p t i o n  is not m e n t i o n e d  by name; 
r a t h e r  the d e l e t i o n  s t r a t e g i e s  are g r o u p e d  u n d e r  the 
h e a d i n g  of ‘ s u b s i d i a r y  s t r a t e g i e s ’ . F e w  d e t a i l s  are 
p r o v i d e d ;  the use of d e l e t i o n  s t r a t e g i e s  is o n l y  b r i e f l y  
me n t i o n e d .
W o s ,  et. al. M 5 1  a l s o  p u b l i s h e d  " E f f i c i e n c y  and 
C o m p l e t e n e s s  of the Set of S u p p o r t  S t r a t e g y  in T h e o r e m  
P r o v i n g "  in 1965. The set of s u p p o r t  s t r a t e g y  wa s  
m e n t i o n e d  in their p r e v i o u s  pa pe r [141, but is t r e a t e d  in 
d e t a i l  in this one, i n c l u d i n g  a p r o o f  of a t h e o r e m  g i v i n g  
s u f f i c i e n t  c o n d i t i o n s  for its logical c o m p l e t e n e s s .  In the 
E x a m p l e s  s e c t i o n  of the p a p e r ,  d e t a i l s  of v a r i o u s  p r o g r a m  
e x e c u t i o n s  ( e m p l o y i n g  the set of s u p p o r t  s t r a t e g y )  are 
g i v e n .  H e r e  a g a i n ,  s u b s u m p t i o n  is not t r e a t e d  in any 
d e t a i l .  It is s i m p l y  m e n t i o n e d  that the g i v e n  s t a t i s t i c s  
s h o w  a d i f f e r e n c e  in the n u m b e r  of c l a u s e s  g e n e r a t e d  and 
the n u m b e r  r e t a i n e d ,  due to the use of d e l e t i o n  s t r a t e g i e s .
K o w a l s k i  has p u b l i s h e d  s e v e r a l  p a p e r s  w h i c h  d i s c u s s  
s u b s u m p t i o n .  In t h r e e  of these [16, 17, 18), the
d i s c u s s i o n  of s u b s u m p t i o n  c e n t e r s  a r o u n d  the fact that 
" c e r t a i n  i n f e r e n c e - r e l a t e d  ru le s can be d e f i n e d  o n l y  in the 
c o n t e x t  of s e a r c h  s t r a t e g i e s .  D e l e t i o n  of s u b s u m e d  c l a u s e s  
is an i m p o r t a n t  e x a m p l e . "  K o w a l s k i ’s P h . D .  t h e s i s  [171 
g i v e s  an e x a m p l e  ( r e p e a t e d  in L o v e l a n d ’ s text [12] p p . 2 0 7 -
208) u s i n g  the j e t - o f - s u p p o r  t s t r a t e g y  w h e r e  no r e f u t a t i o n
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is o b t a i n a b l e  u s i n g  b a c k w a r d  s u b s u m p t i o n ,  but is p o s s i b l e  
w i t h  no b a c k w a r d  s u b s u m p t i o n .  He s t a t e s  that the f a u l t y  
s i t u a t i o n  is e n t i r e l y  a p r o b l e m  of the s e a r c h  p l a n  and 
t h e t a - s u b s u m p t i o n  c o m b i n a t i o n ,  and that one w a y  to m a i n t a i n  
c o m p l e t e n e s s  w i t h  s u c h  s t r a t e g i e s  is to r e m o v e  o n l y  c e r t a i n  
s u b s u m e d  c l a u s e s .
K o w a l s k i ' s  p a p e r  " L i n e a r  R e s o l u t i o n  w i t h  S e l e c t i o n  
F u n c t i o n "  C191, d i s c u s s e s  s u b s u m p t i o n  in the c o n t e x t  of yet 
a n o t h e r  v e r s i o n  of the r e s o l u t i o n  p r i n c i p l e ,  S L - r e s o I u t  ion , 
i.e. li n e a r  r e s o l u t i o n  w i t h  s e l e c t i o n  f u n c t i o n .
S i b e r t  120], in his p a p e r  "A M a c h i n e - O r i e n t e d  L o g i c  
I n c o r p o r a t i n g  the E q u a l i t y  R e l a t i o n " ,  d e v e l o p s  the 
t h e o r e t i c a l  b a s i s  for the d e s i g n  of t h e o r e m - p r o v i n g  
p r o g r a m s  w i t h  the e q u a l i t y  r e l a t i o n  b u i l t - i n .  He s t a t e s  
that this is not e n o u g h  "for an e f f i c i e n t  p r o c e d u r e " ,  
h o w e v e r .  T h u s ,  he g o e s  on to tr ea t s u b s u m p t i o n  at s o m e  
l e n g t h  as a t e c h n i q u e  for i n c r e a s i n g  the e f f i c i e n c y  of 
r e f u t a t i o n  p r o c e d u r e s .
G r e e n  [211, in his p a p e r  " T h e o r e m - P r o v i n g  by 
R e s o l u t i o n  as a B a s i s  for Q u e s t i o n -A n s w e r i n g  S y s t e m s " ,  
s h o w s  h o w  "a q u e s t i o n - a n s w e r i n g  s y s t e m  can be c o n s t r u c t e d  
u s i n g  f i r s t - o r d e r  logic as its l a n g u a g e  and a r e s o u t i o n -  
type t h e o r e m - p r o v e r  as its d e d u c t i v e  m e c h a n i s m " .  Th e  p a p e r  
c o n t a i n s  a d e s c r i p t i o n  of the p r o g r a m  (Q A3 ) w h i c h  i n c l u d e s  
a s u b s u m p t i o n  c o m p o n e n t .
L o v e l a n d  122], in his p a p e r  "A L i n e a r  F o r m a t  for 
R e s o l u t i o n " ,  s h o w s  that r e s o l u t i o n  r e m a i n s  c o m p l e t e  w h e n
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the r e f u t a t i o n s  p e r m i t t e d  are r e s t r i c t e d  by t h r e e  s p e c i a l  
c o n d i t i o n s  on an y  two c l a u s e s  and their r e s o l v e n t .
A l l e n  an d  L u c k  h a m  [23] d e s c r i b e  "An I n t e r a c t i v e  
T h e o r e m - P r o v i n g  P r o g r a m "  in their p a p e r .  The p r o g r a m  has a 
s u b s u m p t i o n  c o m p o n e n t  w h i c h  is d e s c r i b e d .
P l o t k i n  [24], in his p a p e r  "A N o t e  on I n d u c t i v e  
G e n e r a l i z a t i o n " ,  d o e s  not d i s c u s s  the t o p i c  of s u b s u m p t i o n  
d i r e c t l y .  I n s t e a d ,  he is i n t e r e s t e d  in a d i s c u s s i o n  of the 
g e n e r a l i z a t i o n  of l i t e r a l s .  He u s es s u b s u m p t i o n  as a 
m e t h o d  for d e f i n i n g  a " m o r e  g e n e r a l  l i t e r a l " ,  i.e. literal 
Lt is m o r e  g e n e r a l  than literal L2 if L 1 s u b s u m e s  L2.
J .A . R o b i n s o n ’s p a p e r  [25] " A u t o m a t i c  D e d u c t i o n  w i t h  
H y p e r - R e s o l u t i o n "  do e s  not a d d r e s s  the t o p i c  of 
s u b s u m p t i o n .  It is w o r t h y  of n o te h e r e  h o w e v e r ,  b e c a u s e  
s e v e r a l  of the f o l l o w i n g  p a p e r s  ar e  c o n c e r n e d  w i t h  h y p e r ­
r e s o l u t i o n ,  and this p a p e r  is the best s t a r t i n g  p o i n t  for 
the i n t e r e s t e d  r e a d e r .
"An I m p l e m e n t a t i o n  of H y p e r - R e s o l u t  ion" by R o s s  
O v e r b e e k  126] is an e x c e l l e n t  r e f e r e n c e  for a d e s c r i p t i o n  
of d a t a  s t r u c t u r e s  and s o m e  of the a l g o r i t h m s  e m p l o y e d  in 
one of the m o s t  s u c c e s s f u l  t h e o r e m - p r o v i n g  p r o g r a m s  to 
da te . The s u b s u m p t i o n  p r o g r a m  d e s c r i b e d  in later s e c t i o n s  
of t h is t h e s i s  w a s  d e v e l o p e d  u s i n g  m a n y  of the ideas 
p r e s e n t e d  in [26], e.g. F P A lists, o n l y  one c o p y  of a 
l i te ra l in the d a t a  s t r u c t u r e s ,  etc.
W i n k e r  [27], in his p a p e r  "An E v a l u a t i o n  of Q u a l i f i e d  
H y p e r - R e s o l u t i o n "  d e s c r i b e s  e x t e n s i o n s  to the h y p e r ­
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r e s o l u t i o n  p r o g r a m  to s u p p o r t  ' q u a l i f i e r s ’ , w h i c h  p r o v i d e  
c e r t a i n  a d v a n t a g e s  in p r o b l e m s  " i n v o l v i n g  f u n c t i o n s  w h i c h  
are not d e f i n e d  for some v a l u e s  of their a r g u m e n t s " .  His 
p a p e r  r e f e r e n c e s  O v e r b e e k ’s. He s t a t e s  that the use of 
q u a l i f i e r s  is c o m p a t i b l e  w i t h  d e l e t i o n  of s u b s u m e d  c l a u s e s .
M c C h a r e n  , O v e r b e e k ,  and W o s  1281, in th ei r p a p e r  
" P r o b l e m s  a n d  E x p e r i m e n t s  for an d  w i t h  A u t o m a t e d  T h e o r e m -  
P r o v i n g  P r o g r a m s "  d e s c r i b e  the p e r f o r m a n c e  of t h e i r  p r o g r a m  
on s e v e r a l  p r o b l e m s  f r o m  the t r iv ia l to the v e r y  d i f f i c u l t  
(on w h i c h  the p r o g r a m  f a i l e d ) .  T h e y  i n c l u d e  s t a t i s t i c s  
a b o u t  the n u m b e r  of u n i f i c a t i o n s  a t t e m p t e d  an d  s u c c e s s f u l ,  
and the n u m b e r  of c l a u s e s  g e n e r a t e d  an d  r e t a i n e d  (not 
subs ume d ).
W o s  E29) in his p a p e r  " A u t o m a t e d  R e a s o n i n g :  Real Uses 
and P o t e n t i a l  U s e s " ,  m e n t i o n s  s o m e  of the c a p a b i l i t i e s  of 
their p r o g r a m  ( i n c l u d i n g  s u b s u m p t i o n ) ,  w h i l e  d e s c r i b i n g  
s o me its s u c c e s s e s  in a n s w e r i n g  o p e n  q u e s t i o n s  and 
s p e c u l a t i n g  on f u t u r e  a p p l i c a t i o n s .
In t h e i r  t h r e e  a r t i c l e s  " D a t a  S t r u c t u r e s  an d  C o n t r o l  
A r c h i t e c t u r e  for I m p l e m e n t a t i o n  of T h e o r e m - P r o v i n g  
P r o g r a m s "  18), " L o g i c  M a c h i n e  A r c h i t e c t u r e :  K e r n e l  
F u n c t i o n s "  (30), and " L o g i c  M a c h i n e  A r c h i t e c t u r e :  I n f e r e n c e  
M e c h a n i s m s "  131). Lusk an d  O v e r b e e k  d i s c u s s  in g r e a t  d e t a i l  
their i m p l e m e n t a t i o n  of a ne w  t h e o r e m  p r o v i n g  s y s t e m  
d e s i g n e d  to aid r e s e a r c h e r s  in the fi e l d .  In the fi r s t  
a r t i c l e ,  t h e y  e v e n  i n c l u d e  a b r i e f  d i s c u s s i o n  of so m e  
m u l t i p r o c e s s i n g  c o n c e p t s  w h i c h  t h ey h o p e  the n e w  s y s t e m
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will e v e n t u a l l y  be ab l e  to e x p l o i t .
M a n y  of the ideas for d a ta s t r u c t u r e s  an d  c o n t r o l  
s t r u c t u r e s  w h i c h  th e y  d e s c r i b e  h a ve b e e n  i n c o r p o r a t e d  into 
the s u b s u m p t i o n  r o u t i n e s  d e s c r i b e d  in this t h e s i s .  A n d, of 
c o u r s e ,  the m a j o r  t h r u s t  of this t h e s i s  is to d e v e l o p  a 
v e r s i o n  of s u b s u m p t i o n  w h i c h  e x p l o i t s  s o m e  of the 
m u l t i p r o c e s s i n g  p o w e r  a v a i l a b l e  to da y ( t h r o u g h  O v e r b e e k ,  
e t . a l .  at A r g o n n e  N a t i o n a l  La bs ).
I n d e e d ,  L u s k  and O v e r b e e k  ha v e  w r i t t e n  a p a p e r  (321 
e n t i t l e d  " R e s e a r c h  T o p i c s :  M u l t i p r o c e s s i n g  A l g o r i t h m s  for 
C o m p u t a t i o n a l  L o g i c "  in w h i c h  t h ey s u g g e s t  r e s e a r c h  t o p i c s  
for a n y o n e  i n t e r e s t e d  in the ar ea . Tw o  of the s u g g e s t e d  
t o p i c s  are m u l t i p r o c e s s o r  v e r s i o n s  of s u b s u m p t i o n  and 
d e m o d u I  a t i on .
It s h o u l d  be n o t e d  h e r e  that the t h e o r e m  p r o v i n g  
s y s t e m  d e v e l o p e d  by Lusk and O v e r b e e k  has b e e n  p l a c e d  in 
the p u b l i c  d o m a i n .  T h e r e f o r e ,  in a d d i t i o n  to their 
a r t i c l e s  d e s c r i b i n g  its i m p l e m e n t a t i o n ,  they h a v e  a l s o  
p u b l i s h e d  m a n u a l s  d e s c r i b i n g  its use. " L o g i c  M a c h i n e  
A r c h i t e c t u r e  I n f e r e n c e  M e c h a n i s m s  - L a y e r  2 U s er R e f e r e n c e  
M a n u a l "  [33) d e s c r i b e s  the i n t e r f a c e  to the layer two of 
their s y s t e m .  It c o n t a i n s  the n e c e s s a r y  i n f o r m a t i o n  to 
w r i t e  L M A - b a s e d  s y s t e m s  w h i c h  r e s i d e  at layer 3; such 
s y s t e m s  m i g h t  i n c l u d e  " t h e o r e m  p r o v e r s ,  r e a s o n i n g  
c o m p o n e n t s  for e x p e r t  s y s t e m s ,  or c u s t o m i z e d  d e d u c t i o n  
c o m p o n e n t s " .  "The A u t o m a t e d  R e a s o n i n g  S y s t e m  ITP" [341 
d e s c r i b e s  the use of a p o w e r f u l  a u t o m a t e d  t h e o r e m  p r o v e r
w h i c h  has b e e n  d e v e l o p e d  f r o m  the LMA t o o l s  an d  w h i c h  is 
p r o v i d e d  as part of the p a c k a g e .  On e  of the t o o l s  in the 
p a c k a g e ,  of c o u r s e ,  is the s u b s u m p t i o n  c o m p o n e n t  d e v e l o p e d  
u s i n g  the d a t a  and c o n t r o l  s t r u c t u r e s  d e s c r i b e d  in the 
p a p e r s  a b o v e .
2. M u l t i p r o c e s s i n g  C o n c e p t s . P r o b a b l y  the best p l a c e  
to s t a r t  in the l i t e r a t u r e  is w i t h  the M a r c h  1973 is su e of 
the A C M  C o m p  u t i n a S u r v e y s . In that issue, J.L. Baer 
p u b l i s h e d  the a r t i c l e ,  "A S u r v e y  of S o m e  T h e o r e t i c a l  
A s p e c t s  of M u l t i p r o c e s s i n g "  [351. B a e r ’s a r t i c l e  c o n t a i n s  
an e x c e l l e n t  b i b l i o g r a p h y  of the r e l e v a n t  m u l t i p r o c e s s i n g  
l i t e r a t u r e  at that time. In the a r t i c l e ,  B a e r  e x a m i n e s  
l a n g u a g e  f e a t u r e s  w h i c h  h e l p  e x p l o i t  p a r a l l e l i s m  ( i n c l u d i n g  
a d d i t i o n a l  i n s t r u c t i o n s  for m u l t i p r o c e s s i n g  a r c h i t e c t u r e s ) ,  
p r o b l e m s  s u c h  as m u t u a l  e x c l u s i o n ,  and m o r e  t h e o r e t i c a l  
a s p e c t s  s u c h  as m o d e l s  for p a r a l l e l  c o m p u t a t i o n  Ce.g. 
p a r a l l e l  f l o w c h a r t s ) .  An a p p e n d i x  a t t e m p t s  to c l a s s i f y  the 
c o n t e m p o r a r y  m u l t i p r o c e s s o r s .
T h e  a r t i c l e  " C o n c u r r e n t  P r o g r a m m i n g  C o n c e p t s "  t36) by 
Per B r i n c h  H a n s e n  a p p e a r e d  in the D e c e m b e r  1973 issue of 
the A C M  C o m p  u t i n g  S u r v e y s . The p a p e r  d i s c u s s e s  p r o g r a m m i n g  
l a n g u a g e  f e a t u r e s  s u c h  as c r i t i c a l  r e g i o n s  and m o n i t o r s .
In M a r c h  1977, an e n t i r e  s p e c i a l  issue of the A C M  
C o m n u t i n a  S u r v e y s  137) w a s  d e v o t e d  to P & I-flI l e i P r o c e s s o r s  
and P r o c e s s  i no . Th e  a r t i c l e s  in that is su e are 
" A s s o c i a t i v e  P r o c e s s o r  A r c h i t e c t u r e  - A S u r v e y "  t38], "A 
S u r v e y  of P a r a l l e l  M a c h i n e  O r g a n i z a t i o n  and P r o g r a m m i n g "
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[39], " P i p e l i n e  A r c h i t e c t u r e "  [40], and " M u l t i p r o c e s s o r  
O r g a n i z a t i o n  - A S u r v e y "  [41] . The la t t e r  two a r t i c l e s  
r e l a t e  m o s t  c l o s e l y  to this t h e s i s  b e c a u s e  th e y  d i s c u s s  
h a r d w a r e  t o p i c s  r e l e v a n t  to the HEP. E a c h  a r t i c l e  in the 
is su e c o n t a i n s  a g o o d  b i b l i o g r a p h y  for f u r t h e r  r e a d i n g .
In the 1978 P r o c e e d i n g s  of the I n t e r n a t i o n a l  
C o n f e r e n c e  on P a r a l l e l  P r o c e s s i n g  [42], the p a p e r  "A 
P i p e l i n e d ,  S h a r e d  R e s o u r c e  C o m p u t e r "  [43] d e s c r i b e s  a 
v e r s i o n  of the HE P  c o m p u t e r  that has four P E M s . Of c o u r s e  
the o t h e r  p a p e r s  in that p r o c e e d i n g s  c o v e r  t o p i c s  of 
i n t e r e s t  in p a r a l l e l  p r o c e s s i n g ,  but n o n e  of t h e m  are as 
c l o s e l y  r e l a t e d  to this t h es is .
A 1981 T u t o r i a l  on P a r a l l e l  P r o c e s s i n g  w a s  p u b l i s h e d  
by the IEEE C o m p u t e r  S o c i e t y  [441. T h i s  p u b l i c a t i o n  
c o n t a i n s  r e p r i n t s  of s o me of the p a p e r s  m e n t i o n e d  
p r e v i o u s l y ,  e.g. E n s l o w ’s m u l t i p r o c e s s o r  o r g a n i z a t i o n  
s u r v e y  [41]. S m i t h ’s p a p e r  on the HE P  [43] is r e p r i n t e d  
u n d e r  the s e c t i o n  on d a t a f l o w  a r c h i t e c t u r e s ,  but the re a d e r  
is i n f o r m e d  that the H E P  is not a d a t a f l o w  m a c h i n e ;  that it 
is r e l a t e d  to d a t a f l o w  b e c a u s e  of its s y n c h r o n i z a t i o n  
me c h a n  i s m .
A n o t h e r  p a p e r  of i n t e r e s t  in the t u t o r i a l  is " S o m e  
C o m p u t e r  O r g a n i z a t i o n s  an d  T h e i r  E f f e c t i v e n e s s "  [45]. T h i s  
p a p e r  is a r e p r i n t  of a c l a s s i c  p a p e r  that i n t r o d u c e d  the 
t a x o n o m y  of c o m p u t e r s  into SISO, M l M D , etc. It, of c o u r s e ,  
d e s c r i b e s  the s h a r e d  r e s o u r c e  m u l t i p r o c e s s o r  m o d e l  on w h i c h
the H E P  i s b a s e d  .
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O t h e r  t u t o r i a l  r e p r i n t s  r e l e v a n t  to this t h e s i s  are 
" C o m m u n i c a t i n g  S e q u e n t i a l  P r o c e s s e s "  [46] w h i c h  d i s c u s s e s  
the fact that " c o m p o n e n t  p r o c e s s o r s  m u s t  be a b l e  to 
c o m m u n i c a t e  and to s y n c h r o n i z e  w i t h  e a c h  o t h e r " ,  and "The 
P r o g r a m m i n g  L a n g u a g e  C o n c u r r e n t  P a s c a l "  [47] w h i c h  
d e s c r i b e s  the use of m o n i t o r s  in a s y s t e m s  p r o g r a m m i n g  
l a n g u a g e .
The text i n t r o d u c t i o n  is. C o m p u t er A rch i_te c t u..r e [48] 
c o n t a i n s  a g o o d  s u r v e y  and d e s c r i p t i o n  of the v a r i o u s  types 
of m u l t i p r o c e s s o r s  a v a i l a b l e  in the e a r l y  1980s.
The H E P  H a r d w a r e  R e f e r e n c e  M a n u a l  [493 is an 
i n t r o d u c t i o n  to the HE P  c o m p u t e r  and "is i n t e n d e d  for 
a u d i e n c e s  w i t h  a g e n e r a l  or m o d e r a t e l y  t e c h n i c a l  i n t e r e s t " .  
It i n c l u d e s  an o v e r v i e w  of the H E P  s y s t e m  and a r c h i t e c t u r e ,  
the CPU, the d a t a  s w i t c h ,  and the data m e m o r y .
F i n a l l y ,  the two p a p e r s  " U se of M o n i t o r s  in F o r t r a n :  A 
T u t o r i a l  on the B a r r i e r ,  SeI f - s c h e d u  I ing D O - L o o p ,  and 
A s k f o r  M o n i t o r s "  [10] and " I m p l e m e n t a t i o n  of M o n i t o r s  w i t h  
M a c r o s :  A P r o g r a m m i n g  A i d  for the HEP and O t h e r  P a r a l l e l  
P r o c e s s o r s "  [50] p r o v i d e  an e x c e l l e n t  d i s c u s s i o n  of the 
m o n i t o r s  u s e d  by the s u b s u m p t i o n  p r o g r a m  d e s c r i b e d  later in 
this t h e s i s .  E v e n  t h o u g h  one of the t i t l e s  m e n t i o n s  
F o r t r a n  e x p l i c i t l y ,  the s a m e  m o n i t o r s  h a v e  b e e n  p r o v i d e d  
for use by C p r o g r a m s  as w e l l .
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I I . M E T H O D S  A N D  P R O C E D U R E S  
A. E L A M  G £  A-I.IA.Cft
1 - G e n e r a l  . T h i s  s e c t i o n  s h o u l d  p r o v i d e  a h i g h - l e v e l  
o v e r v i e w  of the p r o g r a m  w h i c h  has b e e n  d e v e l o p e d .  The 
s e c t i o n  C O D I N G  A N D  I M P L E M E N T A T I O N  p r o v i d e s  the l o w - l e v e l  
i m p l e m e n t a t i o n  d e t a i l s  for th os e i n t e r e s t e d .
For p o r t a b i l i t y ,  the p r o g r a m  is w r i t t e n  in the 
p r o g r a m m i n g  l a n g u a g e  C. The f o r w a r d  an d  b a c k w a r d  
s u b s u m p t i o n  r o u t i n e s  h a v e  b o r r o w e d  h e a v i l y  f r o m  the w o r k  of 
O v e r b e e k  1261. The idea, of c o u r s e ,  is to take a d v a n t a g e  
of the best e f f o r t s  in c u r r e n t  u n i p r o c e s s o r  v e r s i o n s  of 
s u b s u m p t i o n  an d  to e x p a n d  those e f f o r t s  to e x p l o i t  
pa r a I lei ism.
Tw o  m a j o r  l e v e l s  of p a r a l l e l i s m  are i n t e g r a t e d  into 
the p r o g r a m .  T h e y  will be r e f e r r e d  to as " c o a r s e - g r a i n e d "  
and " m e d i u m - g r a i n e d "  p a r a l l e l i s m .
Th e  " g r a i n "  of the p a r a l l e l i s m  r e f e r s  to the s i z e  of 
the p r o b l e m s  b e i n g  p e r f o r m e d  in p a r a l l e l .  For e x a m p l e ,  the 
a d d i t i o n  of two i n t e g e r s  is a v e r y  small p r o b l e m  and w o u l d  
p r o b a b l y  be too small to j u s t i f y  the o v e r h e a d  n e c e s s a r y  to 
s p a w n  a n e w  task. On the ot he r hand, the p r o b l e m s  of 
b a c k w a r d  a n d  f o r w a r d  s u b s u m p t i o n  are m u c h  la rg er 
( e s p e c i a l l y  for large c l a u s e  s p a c e s ) .  T h i s  is the c o a r s e ­
g r a i n e d  level.
W i t h i n  f o r w a r d  s u b s u m p t i o n ,  a n e w l y  g e n e r a t e d  c l a u s e
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m a y  h a v e  to be c o m p a r e d  a g a i n s t  e v e r y  o l d  c l a u s e  to see if 
an y  of t h e m  s u b s u m e s  it. It m a y  h a ve to be c o m p a r e d  
a g a i n s t  e v e r y  ol d  c l a u s e ,  but this is not v e r y  likely. 
O v e r b e e k  (26) has d e v e l o p e d  m e t h o d s  for s e l e c t i n g  c a n d i d a t e  
c l a u s e s  that are m o s t  l i k e l y  to s u b s u m e  the n e w  one. Th i s  
p r o g r a m  t a k e s  a d v a n t a g e  of th os e m e t h o d s  of s e l e c t i n g
c a n d i d a t e s A s s urn ing that th e r e  is a 1list of s e v e r a l
c a n d i d a t e s u b s urn i n g c l a u s e s ,  it m a y b e the c a s e that
the last c a n d i d a t e c l a u s e  subs ume s the n ew on e  . 1 n a
s e q u e n t  i a 1 p r o g r  am this fact is di s c o v e r e d o n l y af t e r
c h e c k i n g  all p r e v i o u s  c a n d i d a t e s  in the list. In the 
p a r a l l e l  p r o g r a m ,  c a n d i d a t e s  are e x a m i n e d  s i m u l t a n e o u s l y .  
T h i s  is the m e d i u m - g r a i n e d  level.
2. P r o c e s s  C r e a t i o n . It is i m p o r t a n t  to n o t e  h e r e  
that c r e a t i o n  of a p r o c e s s  m a y  be q u i t e  an ‘e x p e n s i v e ’ 
o p e r a t i o n .  C r e a t i o n  is not p r o h i b i t i v e l y  e x p e n s i v e  on the 
HEP, but it m a y  be on o t h e r  m u l t i p r o c e s s o r s .  T h u s ,  in the 
i n t e r e s t  of g e n e r a l i t y ,  the p r o g r a m  d e s c r i b e d  h e r e  a t t e m p t s  
to r e d u c e  that o v e r h e a d  by s p a w n i n g  p a r a l l e l  p r o c e s s e s  o n l y  
o n c e ,  a l l o w i n g  t h e m  to s t a y  q u i e s c e n t  un ti l r e l e a s e d  by 
s o me o t h e r  p r o c e s s .  The net e f f e c t  is a d d i t i o n a l  m e m o r y  
u s a g e  i n s t e a d  of a d d i t i o n a l  CP U  time.
E a r l y  in the m a i n l i n e  code, the p r o g r a m  c r e a t e s  
f o r w a r d  s u b s u m p t i o n  as a p a r a l l e l  p r o c e s s .  F o r w a r d  
s u b s u m p t i o n  is s u s p e n d e d  until it is r e l e a s e d  later by the 
m a i n l i n e  ( w i t h  a p r o b l e m  to s o l v e ) .  A l s o ,  e a r l y  in the 
m a i n l i n e ,  s e v e r a l  s m a l l e r  f o r w a r d  s u b - p r o c e s s e s  are
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s t a r t e d .  T h e s e  are the r o u t i n e s  that ai d  f o r w a r d  
s u b s u m p t i o n  in e x a m i n i n g  c a n d i d a t e ,  s u b s u m i n g  c l a u s e s  in 
p a r a l l e l .  T h e s e  p r o c e s s e s  are a l s o  s u s p e n d e d  until t h ey 
ar e  r e l e a s e d  w i t h  a p r o b l e m  to w o r k  on. T h e y  ar e  r e l e a s e d  
by f o r w a r d  s u b s u m p t i o n  w h e n  it has d e t e r m i n e d  the set of 
c a n d i d a t e s .
T h i s  s i t u a t i o n  p o s e s  an i n t e r e s t i n g  q u e s t i o n :  W h a t  if 
t h e r e  ar e  m o r e  c a n d i d a t e  c l a u s e s  than t h e r e  a r e  p r o c e s s e s ?  
T h i s  d o e s  not b e c o m e  a p r o b l e m  b e c a u s e  the p r o g r a m  is 
d e s i g n e d  s u c h  that it w i l l  a l w a y s  run in u n i p r o c e s s o r  mo d e .  
W h e n  the p r o c e s s e s  are told that t h e r e  is a p r o b l e m  to w o r k  
on, t h e y  e a c h  ask for a s u b p r o b l e m ,  i.e. a c a n d i d a t e  c l a u s e  
to e x a m i n e .  If a p r o c e s s  c o m p l e t e s  e x a m i n a t i o n  of one 
c a n d i d a t e  C w i t h  no s u b s u m p t i o n  o c c u r r i n g )  then that p r o c e s s  
a s k s  for a n e w  c a n d i d a t e  to e x a m i n e .  If no s u b s u m p t i o n  
o c c u r s ,  the p r o c e s s e s  w i l l  e a c h  e v e n t u a l l y  be told that the 
p r o b l e m  is o v e r  by e x h a u s t i o n .  If s u b s u m p t i o n  d o e s  o c c u r  
w i t h i n  a p r o c e s s ,  the p r o c e s s  can si g n a l  an e a r l y  end to 
the p r o b l e m  so that the o t h e r s  do not c o n t i n u e  to e x e c u t e  
n e e d l e s s l y .  The p s e u d o - c o d e  d e s c r i p t i o n  of the a l g o r i t h m  
in the n e xt s e c t i o n  will m a k e  t h e s e  p o i n t s  m u c h  c l e a r e r .
3- Th e  Al o  o r i t h m . P s e u d o - c o d e  of s e l e c t e d  p o r t i o n s  
of the a l g o r i t h m  are g i v e n  in F i g u r e s  1. 2, a n d  3. F i g u r e
4 i l l u s t r a t e s  the v a r i o u s  p a r a l l e l  p a t h s  w h i c h  m a y  be 
f o l l o w e d  t h r o u g h  the co de . F i n a l l y ,  a v e r b a l  d e s c r i p t i o n  
is p r o v i d e d  w h i c h  c o n n e c t s  the id ea s p r e s e n t e d  in the 
p s e u d o - c o d e  a n d  in F i g u r e  4. In e a c h  c a s e ,  the
ma i n l i n e  p r o c e d u r e :
r e a d n um _m a c _ p  r o c e s s e s ; / * r u n f wd  & bwd i n p a r a l l e l  ?  *  /
r e a d n u m _ f w d _ p r o c e s s e s ; / * how ma n y me d - 1 e v e 1 f wd s * /
r e a d n u m _ b w d _ p r o c e s s e s ; / * ho w m a n y  m e d - 1 e v e 1 b w d s  * /
i f  ( n um _m a c _ p  r o c e s s e s  = = 2 )
C R E A T E  ( f o r w s r d s u b s u m ) ;
i = 1 ;
w h i l e  C i < n um_f w d _ p  r o c e s s e s )
C R E A T E  ( fwd ( s l a v e ) ) ;
i = i + 1 ; 
end w h  i I e ;
i = 1 ;
w h i l e  ( i < n u m _ b w d _ p  r o c e s s e s )
C R E A T E  (bwd ( s l a v e ) ) ;  
i = i +1 ; 
end w h i l e ;  
get 1st n e w  c l a u s e ;  
whi le ( m o r e _ n  ew_cI a u s e s ) 
f w d _ o c c u r  red = 'no';
b w d _ o c c u r r e d  = ’n o ’ ; 
if ( n u m _ m a c _ p r o c e s s e s  == 
call f o r w a r d s u b s u m ;  
if ( f w d _ o c c u r  red == ’n o ’ 
h a n g  ( s y n c h  p o i n t  1) 
call b a c K w a r d s u b s u m ; 
h a n g  ( s y n c h  p o i n t  2) 
if ( b w d _ o c c u r  red == ’y e s ’ 
cal I i n t e g r a t e c l a u s e ;
el s e
n u m _ f w d _ s u b s u m e d  = n u m _ f w d _ s u b s u m e d  
get n e xt n e w  c l a u s e ;  
end w h i l e ;
P g m _ d o  ne = ’y e s ’ ;
ha ng ; /*aI Iow f o r w a r d  to t e r m i n a t e  
n o t i f y  the fwd ( s l a v e s )  of p r o g r a m  





n u m _ m a c _ p r o c e s s e s  = =  2 )  
a c t i v a t e  f o r w a r d  * /
/ *  t e I I  f o r w a r d  
o r f w d o c  c u r r e d
p r o b  o v e r * /  
= = ’ no  ’ )
*/
t e r m i n a t i o n ;
t e r m i n a t i o n ;
e n d  p r o g r a m ;
F i g u r e  1. M a i n l i n e  P s e u d o - c o d e
f o r w a r d s u b s u m  p r o c e d u r e :
f o r e v e r
h a n g  ( s y n c h  po in t 1 ) ; /* w a i t  for a p r ob
i f ( p g m _ d o n e  = = ’y e s ’ )
b r e a k  out of the fo r e v e r  loop
r c = 0 ;
n ew _ l i t  = 1st 1 i t e r a I in the new c 1 a u s e ;
w h  i r> O II II o and n e w _  lit no t = N I L )
f o r m  the set S of l i t e r a l s  f r o m  the
s t r u c t u r e s that c l a s h w i t h  new.
c l a s h l i t = 1 s t I it e r a I in S ;
w h i l e  ( r c = = 0 and c l a s h l i t  n o t=
see i f n e w_I i t will u n i f y w i t h  ( i
in s t a n c e of) c 1 a s h I i t ,
fo rm i n g a s u b s t i t u t i on if so
end
i f  ( t h e  t wo  I i t s u n i f y )
s t a r t  f wd  ( s l a v e s )  on  t h e  n e w 
r c  = f wd  ( m a s t e r ) ;  
c l a s h l i t  = n e x t  l i t  i n  S ;  
e n d  w h i l e ;
n e w _ l i t  = n e x t  l i t e r a l  i n  n e w  c l a u s e  
wh  i I e ;
h a n g  ( s y n c h  p o i n t  2 ) ; / * wa i t f o r  bwd  t o
i f  ( n u m _ m a c _ p  r o c e s s e s = = 1 )
b r e a k  o u t  o f  t h e f o r e v e r l o o p ;
e n d  f o r e v e r ;
r e t u r n  ( r c )
e n d  p r o g r  a m ;
t o  w o r k
d a t a




p r o b l e m
*
end * /
F i g u r e  2 . F o r w a r d s u b s u m  P s e u d o - c o d e
r c = 0 ; 
f o r e v e r ;
A S K F O R  a n e w  p r o b l e m  (pt c l a s h c l s  to the 
if C p r o g r a m  t e r m i n a t i n g  OR
( t h i s  p r o b l e m  is s o l v e d  and I a m  the 
b r e a k  out of the f o r e v e r  loop;
f wd p r o c e d u r e :
i f ( t h i s  p r o b l e m  is s o l v e d )
c o n t i n u e ;  / * b a c k  to top o f f o r e v e
f o r m  L the set of r em a  i n i n g I it s i n the
c a I I s u b s  urn (L, c u r r e n t  substi tut ion);
i f ( s u b s  ump o c c u r s )
si g n a l this p r o b l e m  ov er ;
L O CK
f w d _ o c c u r  red = ’yes';
U N L O C K
end f o r e v e r ;
if ( f w d _ o c c u r  red == ’y e s ' )
rc = 1; /* m a s t e r  i n d i c a t e s  that sub sump
r e t u r n  ( r c ) ;
end p r o g r  a m ;
F i g u r e  3.  Fwd P s e u d o - c o d e
c a n d i d a t e )  
m a  s t e r ) )
r loop */ 
n e w  c l a u s e ;




F i g u r e  4 . Pa r a I lei P a t h s
p a r a l l e l i s m  is s t r e s s e d ,  i g n o r i n g  l o w - l e v e l  d e t a i l s  of 
c l a u s e  c o n s t r u c t i o n  and m a n i p u l a t i o n .
Fo r  the s a k e  of s i m p l i c i t y ,  the p s e u d o - c o d e  d o e s  not 
i n c l u d e  the b a c k w a r d  s u b s u m p t i o n  r o u t i n e s .  T h ey ha v e  b e e n  
o m i t t e d  b e c a u s e  they ar e  so s i m i l a r  to the f o r w a r d  
s u b s u m p t i o n  p r o c e d u r e s  ( F i g u r e s  2 and 3).
a - Ma i nI i n e D e s c r  ipt i o n . The m a i n l i n e  p r o c e d u r e  
( F i g u r e  1) is f a i r l y  s t r a i g h t f o r w a r d .  It first re a d s  in 
two v a l u e s  that i n d i c a t e  h o w  m a n y  s e p a r a t e  p r o c e s s e s  w i ll 
be s p a w n e d  to run in p a r a l l e l .  T h e  first v a r i a b l e ,  
n u m _ m a c _ p r o c e s s e s  ta k e s  on a v a l u e  of e i t h e r  1 or 2, 
i n d i c a t i n g  w h e t h e r  f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  s h o u l d  
be run s e q u e n t i a l l y  or s h o u l d  be run as two p a r a l l e l  
p r o c e s s e s .  Th e  next v a r i a b l e s ,  n u m _ f w d _ p r o c e s s e s  and
n u m_b w d _p r o c e s s e s ,  can take on an y  i n t e g e r  v a l u e s  (up to
the m a x i m u m  n u m b e r  of p r o c e s s e s  s u p p o r t e d  by the h a r d w a r e ) .  
T h e y  i n d i c a t e  the n u m b e r  of " m e d i u m - g r a i n e d ' *  p r o c e s s e s  that 
s h o u l d  be e m p l o y e d  by f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  
r e s p e c t i v e l y ,  to c h e c k  c a n d i d a t e  c l a u s e s  for s u b s u m p t i o n .
T h e  fi r s t  w h i l e  loop c r e a t e s  all but one of the 
m e d i u m - g r a i n e d  p r o c e s s e s  ( n a m e d  fwd) for f o r w a r d  
s u b s u m p t i o n .  The p s e u d o - c o d e  for th es e p r o c e s s e s  ( F i g u r e  
3) s h o w s  that they are s u s p e n d e d  in an A S K F O R  m o n i t o r ,  to 
be a c t i v a t e d  later by f o r w a r d  s u b s u m p t i o n .  The fwds are 
a c t i v a t e d  a n d  the last of t h e m  is i n v o k e d  by the f o r w a r d  
s u b s u m p t i o n  r o u t i n e  itself w h e n  a set of c a n d i d a t e  c l a u s e s  
h a v e  s e l e c t e d  for e x a m i n a t i o n .  T h e  bw d  r o u t i n e s  p l a y  a
s i m i l a r  r o le in b a c k w a r d  s u b s u m p t i o n .
The n e xt line of c o de in the m a i n l i n e  ge t s  the fi rs t 
ne w  c l a u s e .  In a real t h e o r e m  p r o v e r ,  this n e w  c l a u s e  
w o u l d  be g e n e r a t e d  as part of the r e f u t a t i o n !  he re , 
h o w e v e r ,  n e w  c l a u s e s  are s i m p l y  read in f r o m  a file.
In the f o l l o w i n g  d e s c r i p t i o n s  it is c o n v e n i e n t  to 
th in k in t e r m s  of 'fork' a n d  ' j o i n ’ o p e r a t i o n s .  For 
e x a m p l e ,  if f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  are to be run 
in p a r a l l e l ,  it is n a t u r a l  to th in k of f o r w a r d  s u b s u m p t i o n  
as b e i n g  f o r k e d  as a s e p a r a t e  p r o c e s s  w h i l e  the m a i n l i n e  
i n v o k e s  b a c k w a r d  s u b s u m p t i o n .  W h e n  the two p r o c e s s e s  
f i n i s h  c h e c k i n g  for s u b s u m p t i o n ,  it is n a t u r a l  to t h i n k  of 
t h e m  as j o i n i n g  t o g e t h e r  a g a i n  in the m a  ini i n e .
I n s i d e  the m a i n l i n e ’s large w h i l e  loop a n e w  c l a u s e  is 
e x a m i n e d  for s u b s u m p t i o n ,  then a n o t h e r  c l a u s e  is r e t r i e v e d .  
B e f o r e  the p r o c e s s i n g  of e a c h  n e w  c l a u s e ,  i n d i c a t o r s  are 
set s t a t i n g  that no s u b s u m p t i o n  has o c c u r r e d .  T h e s e  
i n d i c a t o r s  a r e  c h a n g e d  in fwd and bwd r e s p e c t i v e l y ,  if they 
d i s c o v e r  that s u b s u m p t i o n  do e s  i n d e e d  o c c u r .  N e x t ,  if 
f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  are to be e x e c u t e d  
s e q u e n t i a l l y ,  then f o r w a r d  s u b s u m p t i o n  is in v o k e d .  If they 
are to be p e r f o r m e d  in p a r a l l e l ,  the a s s u m p t i o n  is that 
f o r w a r d  s u b s u m p t i o n  was p r e v i o u s l y  s p a w n e d  as a p a r a l l e l  
p r o c e s s  and is s u s p e n d e d  w a i t i n g  for a p r o b l e m  to w o r k  on.
F i g u r e  4 d e m o n s t r a t e s  the a l t e r n a t i v e  of e x e c u t i n g  
f o r w a r d  an d  b a c k w a r d  s u b s u m p t i o n  s e q u e n t i a l l y  or in 
p a r a l l e l .  In F i g u r e  4, the * F ’ r e p r e s e n t s  the f o r w a r d
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s u b s u m p t i o n  r o u t i n e  and the ‘B' r e p r e s e n t s  the 
c o r r e s p o n d i n g  b a c k w a r d  s u b s u m p t i o n  r o u t i n e .  F o l l o w i n g  the 
f l o w  of c o n t r o l  f r o m  top to b o t t o m ,  the s o l i d  lines 
r e p r e s e n t  a s e q u e n t i a l  e x e c u t i o n .  The d o t t e d  fines 
r e p r e s e n t  a l t e r n a t i v e  p a t h s  that w e r e  u t i l i z e d  for the 
p a r a l l e l  te s t s .  For e x a m p l e ,  at s y n c h r o n i z a t i o n  p o i n t  one 
( l a b e l e d  s1 in F i g u r e  4D f o r w a r d  s u b s u m p t i o n  m a y  e i t h e r  be 
e n t e r e d  via a call, or a c t i v a t e d  as a p a r a l l e l  p r o c e s s  
r u n n i n g  c o n c u r r e n t l y  w i t h  b a c k w a r d  s u b s u m p t i o n .  A m a j o r  
p o i n t  to r e m e m b e r  here, is that the f o r w a r d  s u b s u m p t i o n  
r o u t i n e  is c r e a t e d  as a s e p a r a t e  p r o c e s s  m u c h  e a r l i e r  in 
the p r o g r a m ,  and then is i m m e d i a t e l y  s u s p e n d e d .  At the 
fork, f o r w a r d  s u b s u m p t i o n  is s i m p l y  a c t i v a t e d .
At s y n c h r o n i z a t i o n  p o i n t  two ( l a b e l e d  s2 in F i g u r e  4 } , 
the f o r w a r d  an d  b a c k w a r d  s u b s u m p t i o n  r o u t i n e s  c o m e  t o g e t h e r  
as a s i n g l e  p r o c e s s .  T h is s y n c h r o n i z a t i o n  p o i n t  r e p r e s e n t s  
the join o p e r a t i o n .  The join o p e r a t i o n  m u s t  o c c u r  p r i o r  to 
the ‘ i f ’ s t a t e m e n t  that c h e c k s  to see if a n y  b a c k w a r d  
s u b s u m p t i o n  o c c u r r e d .  The ‘ i f ’ s t a t e m e n t  c h e c k s  for 
b a c k w a r d  s u b s u m p t i o n  first b e c a u s e  the p o t e n t i a l  ‘pay o f f ’ is 
la rg er for b a c k w a r d  than for f o r w a r d .  T h i s  is p o s s i b l e  
b e c a u s e ,  in f o r w a r d  s u b s u m p t i o n  at m o s t  one c l a u s e  m a y  be 
s u b s u m e d ,  but in b a c k w a r d  s u b s u m p t i o n  s e v e r a l  o l d  c l a u s e s  
m a y  be s u b s u m e d .
W h e n  the m a i n l i n e ’s large w h i l e  loop is e x i t e d ,  the 
f o r w a r d  r o u t i n e  is s t a r t e d  one last time. T h i s  time, it is 
n o t i f i e d  that the p r o g r a m  is e n d i n g ,  a n d  thus it m a y
44
t e r m i n a t e  i t se lf . F i n a l l y ,  the m e d i u m - g r a i n e d  p r o c e s s e s  
( fwds an d  b w d s )  are n o t i f i e d  to t e r m i n a t e .
b. F o rwa r d s u b s u m  D e s c r i p t i o n . If f o r w a r d  s u b s u m p t i o n  
( F i g u r e  2) is r u n n i n g  as a s e p a r a t e  p r o c e s s ,  it s t a y s  in a 
loop until the p r o g r a m  is t e r m i n a t e d .  O t h e r w i s e ,  it 
r e t u r n s  to the m a i n l i n e  a f t e r  e a ch call. A s s u m i n g  that the 
f o r w a r d  s u b s u m p t i o n  r o u t i n e  is r u n n i n g  as a p a r a l l e l  
p r o c e s s ,  it is s u s p e n d e d  at the top of the loop w a i t i n g  to 
be a c t i v a t e d  by the m a i n l i n e  i m m e d i a t e l y  p r i o r  to s t a r t i n g  
the b a c k w a r d  s u b s u m p t i o n  r o u t i n e .
W h e n  the f o r w a r d  s u b s u m p t i o n  p r o c e s s  is a c t i v a t e d ,  it 
b e g i n s  by e x a m i n i n g  a literal of the n e w  c l a u s e .  It is 
i m p o r t a n t  at this p o i n t  to r e c o g n i z e  the fact that a g i v e n  
l i te ra l m a y  a p p e a r  in s e v e r a l  old c l a u s e s .  If so, t h e r e  is 
o n l y  on e  c o p y  of the literal in the d a t a  s t r u c t u r e s .  That 
c o p y  p o i n t s  to e a ch c o n t a i n i n g  c l a u s e .  M a i n t a i n i n g  a 
s i n g l e  copy s a v e s  s p a c e  and h e l p s  to s p e e d  the s e a r c h  
p r o c e s s .
A sei of l i t e r a l s  w h i c h  m a y  c o n t a i n  the c u r r e n t  
lite ra l of the ne w  c l a u s e  as an i n s t a n c e  is f o r m e d  f r o m  the 
d a t a  s t r u c t u r e s .  The first literal f r o m  that set is 
c h e c k e d  a g a i n s t  the c u r r e n t  literal of the ne w  c l a u s e .  If 
the n e w  one is an i n s t a n c e ,  then the c l a u s e s  c o n t a i n i n g  the 
old l i t e ra l b e c o m e  a set of c a n d i d a t e  c l a u s e s  that m a y  
s u b s u m e  the n e w  one. If all l i t e r a l s  are u s e d  f r o m  the set 
w i t h  no s u b s u m p t i o n  o c c u r r i n g ,  then the next lite ra l f r o m  
the n e w  c l a u s e  is c h o s e n  and the p r o c e s s  s t a r t s  over a g a i n .
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Th e  f o r w a r d  s u b s u m p t i o n  p r o c e s s  i n v o k e s  on e  of the 
m e d i u m - g r a i n e d  p r o c e s s e s  Cf wd s in F i g u r e  3} to c h e c k  
c a n d i d a t e  c l a u s e s  to see if any s u b s u m e s  the n e w  one. W h e n  
this i n v o c a t i o n  o c c u r s ,  if there are s e v e r a l  fwds w a i t i n g  
for a p r o b l e m ,  they all st ar t e x e c u t i n g .  E a c h  one a s k s  for 
a p r o b l e m  to w o r k  on. Th e  p r o b l e m s  are, of c o u r s e ,  
c a n d i d a t e  c l a u s e s  to c h e c k  a g a i n s t  the n e w  c l a u s e .
F i g u r e  4 s h o w s  the a v a i l a b l e  p a r a l l e l i s m  w i t h i n  the 
f o r w a r d  s u b s u m p t i o n  r o u t i n e .  W h e n  the f o r w a r d  s u b s u m p t i o n  
r o u t i n e  w i s h e s  to c h e c k  the c a n d i d a t e  c l a u s e s  for 
s u b s u m p t i o n ,  it i n v o k e s  a m a s t e r  c o p y  of fwd ( d e s i g n a t e d  by 
f' in the F i g u r e  4) to p e r f o r m  the tests. If t h e r e  are 
p a r a l l e l  c o p i e s  of fwd ( d e s i g n a t e d  by f in F i g u r e  4 D 
s u s p e n d e d ,  w a i t i n g  for a p r o b l e m  to w o r k  on, th e y  are all 
a c t i v a t e d  a n d  run c o n c u r r e n t l y  w i t h  the m a s t e r  copy.
c. Fwd D e s c r i p t i o n . E a c h  c o p y  of fwd ( F i g u r e  3D is 
c a p a b l e  of e x a m i n i n g  all c a n d i d a t e  c l a u s e s  by i t s e lf . E a c h  
fwd c o n s i s t s  of a loop in w h i c h  it e n t e r s  the A S K F O R  
m o n i t o r  and r e q u e s t s  the next c a n d i d a t e  to be e x a m i n e d .  It 
then t e s t s  to see if the c a n d i d a t e  s u b s u m e s  the n e w  c l a u s e ,  
s i g n a l i n g  an end to the p r o b l e m  if so, l o o p i n g  to get the 
next c a n d i d a t e  if not.
E a c h  fwd c o n t a i n s  c o d e  to d e t e r m i n e  if the m a i n l i n e  is 
e n d i n g ,  so that it m a y  end also. T h e r e  is s p e c i a l  c o d e  
e x e c u t e d  by the m a s t e r  fwd (f* in the a b o v e  d e s c r i p t i o n )  
that p e r m i t s  it to r e t u r n  to the f o r w a r d s u b s u m  r o u t i n e  
r a t h e r  than to c o n t i n u e  l o o p i n g .  The m a s t e r  fwd m u s t  be
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a b l e  to r e t u r n  in o r d e r  to re po rt the r e s u l t s ,  i.e. w h e t h e r  
or not any s u b s u m p t i o n  o c c u r r e d .
Th e  a b i l i t y  of e a ch f w d  to ex a m  ine all c a n d i d a t e  
c l a u s e s  in the set is w h a t  p r o v i d e s  the c a p a b i l i t y  to test 
the p r o g r a m  on a s e q u e n t i a l  m a c h i n e .  On a s e q u e n t i a l  
m a c h i n e ,  o n l y  one c o p y  of fwd is used.
B. COD I N.G A m  I M P L £ME N.IAI J.QM
1 . De t a i led P r o g r a m  Degcript-iQ.il.
a. G e n e r a l  . T h i s  s e c t i o n  p r o v i d e s  a d e t a i l e d  
d e s c r i p t i o n  of the d a t a  items and logic us e d  in the 
s u b s u m p t i o n  p r o g r a m .  It i n c l u d e s  a d e s c r i p t i o n  of the 
d r i v e r  p r o g r a m  w h i c h  re ad s in c l a u s e s  an d  c o n s t r u c t s  their 
i n t e r n a l  r e p r e s e n t a t i o n  for the s u b s u m p t i o n  p r o g r a m  to 
p r o c e s s .  L i n e  n u m b e r  r e f e r e n c e s  ar e  to the p r o g r a m  l i s t i n g  
in A p p e n d i x  A.
T h e  c l a u s e s  are r e p r e s e n t e d  i n t e r n a l l y  in s t r u c t u r e s  
d e c l a r e d  to be of types: ‘c l a u s e s ’ and ‘ i t e m s ’ . The 
d e c l a r a t i o n  of th es e s t r u c t u r e  ty p e s  a p p e a r  in lines 20 - 
33. Th e  c l a u s e  h e a d e r s  are s t o r e d  in s t r u c t u r e s  of type 
c l a u s e s  and the l i t e r a l s  are s t o r e d  in s t r u c t u r e s  of type 
items. F i g u r e  5 g i v e s  a c o n c e p t u a l  v i e w  of an i n te rn al 
r e p r e s e n t a t i o n  of a c l a u s e .  In the f i g u r e ,  items are b e l o w  
the c l a u s e  h e a d e r .  Items b e l o w  a p r e d i c a t e  m a y  be e i t h e r  
on the same level, e.g. an a r g u m e n t  to the p r e d i c a t e ,  or 
s u b o r d i n a t e  to o t h e r  items, e.g. at is s u b o r d i n a t e  to (is 
an a r g u m e n t  of) f1-
4 7
p 1 ( x 1  ,f 1 (a 1 ) , y 1 ) I q 1 C x 1 , y 1 )
C L A U S E - H D R  ---------------------  p t r to next H D R
pi q 1
x 1 ___ y 1
x 1 __  f 1__  y 1
F i g u r e  5 . C l a u s e  I n t e r n a l  R e p r e s e n t a t i o n
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T h e  s t r u c t u r e  type d e f i n i t i o n s  c o n t a i n  r e f e r e n c e s  to 
p o i n t e r s .  A n y  time the w o r d  p o i n t e r  is u s e d  he r e ,  it 
a c t u a l l y  r e f e r s  to an a r r a y  s u b s c r i p t .  T h i s  m e t h o d  wa s  
us e d  p a r t i a l l y  b e c a u s e  s u b s c r i p t s  tend to s i m p l i f y  the 
d e b u g g i n g  c h o r e .  A l s o ,  in C, th e r e  is a s t r o n g  
r e l a t i o n s h i p  b e t w e e n  p o i n t e r s  and a r r a y s ,  s t r o n g  e n o u g h  
that th e y  ar e  u s u a l l y  t r e a t e d  s i m u l t a n e o u s l y  in texts.
C l a u s e s  w h i c h  h a v e  b e e n  i n t e g r a t e d  as pa r t  of the 
c l a u s e  s p a c e  are s t o r e d  in the s t r u c t u r e s  o t d c l a u s e  and 
o I di t e m . C l a u s e s  w h i c h  are ‘n e w ’ ( n e w l y  g e n e r a t e d  by a 
t h e o r e m  p r o v e r )  are s t o r e d  in n e w c l a u s e  and n e w i t e m .
b . C o m o  i I e- t i m e  V a.r jLflJLL&A -
N I L  - a s s i g n e d  the v a l u e  -9. Any n e g a t i v e  n u m b e r  
w o u l d  w o r k .  T h is v a r i a b l e  wa s  d e f i n e d  b e c a u s e  so m e  
i m p l e m e n t a t i o n s  of C a s s i g n  the v a l u e  0 to N U L L ,  and a 
n e g a t i v e  v a l u e  is d e f i n i t e l y  r e q u i r e d  s i n c e  an a r r a y  
s u b s c r i p t  of 0 is v a l i d  in C.
S T D E R R  - a s s i g n e d  the v a l u e  2. T h i s  is the unit to 
w h i c h  e r r o r  m e s s a g e s  are w r i t t e n  f r o m  the p r o c e d u r e  
' e r r o r ' .
M A X O L D I T E M S  - the d i m e n s i o n  of o l d i t e m .
M A X N E W I T  E M S  - the d i m e n s i o n  of n e w i t e m .
T O K E N S I Z E  - the l e n g t h  of a v a r i a b l e ,  c o n s t a n t ,  or
p r e d i c a t e . For the p r e s e n t  , a 1 1 are f o r c e d  to a s in g 1 e
letter and a d i g i t . t h e r e f o r e this v a l u e  is 2.
S U B S I Z E - the d i m e n s i o n o f the s u b s t i t u t i o n a r ray.
L 1 T S 1ZE - the d i me n s i o n o f s e v e r a l  ' t e m p o r a r y ' a r r a y s
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into w h i c h  l i t e r a l s  are s o m e t i m e s  c o p i e d .  For e x a m p l e ,  
s u b s u m  c o p i e s  a d o m a i n - s e t  literal into a t e m p o r a r y  
l o c a t i o n  b e f o r e  p a s s i n g  it to u n i f y  b e c a u s e  u n i f y  m a y  a l t e r  
the l i t e ra l w h e n  it p e r f o r m s  a s u b s t i t u t i o n .  N o t e  that in 
such a ca se , the L I T S I Z E  m u s t  be large e n o u g h  to h o l d  the 
o r i g i n a l  l i t e r a l  p l u s  any a d d e d  as part of a s u b s t i t u t i o n .
M A X L I T P E R C L S  - in a c l a u s e  h e a d e r ,  the n u m b e r  of 
p o i n t e r s  to l i t e r a l s  c o n t a i n e d  in that c l a u s e .
M A X C L A U S E S  - the d i m e n s i o n  of o l d c l a u s e ,  i.e. the 
m a x i m u m  n u m b e r  of c l a u s e s  that m a y  a p p e a r  in the d a t a  
s t r u c t u r e s .
M A X  LIT S - the d i m e n s i o n  of the l i t l i s t ,  i.e. the 
m a x i m u m  n u m b e r  of l i t e r a l s  that m a y  a p p e a r  in the d a ta 
s t r u c t u r e s .
M A X L I T T O C L S  - the n u m b e r  of p o i n t e r s  in e a c h  l i t l i s t  
e n t r y  to a c l a u s e  c o n t a i n i n g  that li t e r a l .  N o t e  that th e s e  
p o i n t e r s  ar e  in the l i tl is t and not the items c o n t a i n i n g  
the p r e d i c a t e s .
M A X F P A T  O L I T  - in an fpa e n t r y  ( t e r m i n o l o g y  e m p l o y e d  by 
O v e r b e e k  in [2 6] ), this is the n u m b e r  of p o i n t e r s  to 
l i t l i s t  e n t r i e s  for l i t e r a l s  c o n t a i n i n g  s u c h  an fpa.
F P A S P E R H A S H V  - the n u m b e r  of fpa e n t r i e s  d e f i n e d  for 
e a c h  p o s s i b l e  ‘h a s h - t o ’ l o c a t i o n  in the fpa list. For 
e x a m p l e ,  if the F P A M O D V A L  (next v a r i a b l e )  has a v a l u e  of 5, 
then t h e r e  are 5 p o s s i b l e  p l a c e s  to h a s h  to in the fpa 
list. S i n c e  c o l l i s i o n s  m a y  o c c u r ,  we n e e d  s e v e r a l  s l o t s  at 
e a c h  ' h a s h - t o ’ l o c a t i o n ,  say 10. If t h e r e  are 5 h a s h - t o
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l o c a t i o n s  an d  10 s l o t s  at e a ch then the fpa list has 50 
e n t r i e s .  N o t e  that the d i m e n s i o n  on the fpa list is 
F P A S P E R H A S H V  * F P A M O D V A L .
F P A M O D V A L  - the n u m b e r  of ‘h a s h - t o *  l o c a t i o n s  in the
f p a  l i s t C s e e  p r e v i o u s  v a r i a b l e ) .
c . S t r u c t u r e T y p e  D e f i n i t i o n s .
i t e m s  -  e a c h e n t r y  c o n t a i n s  a t y p e ( p - p  r e d i c a  t e , v  -
v a r i a b 1 e , e t c . ) ,  a p r e d i c a t e  s i g n . a n  i d ( t h e  p r e d  i c a t e ,
v a r i a b l e , e t c . ) ,  a p o i n t e r  t o  t h i s p r e d i c a t e ’ s e n t r y  i n t h e
l i t e r a l  1 i s  t C f o r p r e d i c a t e s ) ,  a n d a I e f t a n d  a r i g h t
p o i n t e r . T h e  l e f t p o i n t e r  p o i n t s t o  i t e m s  ’ o w n e d ’ b y t h i s
i t e m ,  f o r e x a m p  1 e i n  f 1 C x 1 , x 2 )  t h e f u n c t i o n  f 1 o w n  s t h e
v a r i a b l e s x 1 a n d  x 2  . T h e  r i g h t  p o i n t e r i 3 u s e d t o  p o  i n t t o
t h e  n e x t i t e m  a  t i t s  s  a m e  l e v e l  . I n  t h i s  e x a m p I e , x 1 w o  u 1 d
po in t to x 2 .
c l a u s e s  - E a ch e n t r y c o n t a i n s a set of p o i n t e r s  to
p r e d i c a t e s o f the c 1au s e in i t e m s . Ea c h a l s o  c o n t a i n s  a
p o i n t e r  to the next c l a u s e h e a d e r in the a r r a y  of c l a u s e
s t r u c t u r e s .  F i n a l l y ,  e a c h  e n t r y  c o n t a i n s  a d e l e t e  
i n d i c a t o r  to tell w h e t h e r  that c l a u s e  has been d e l e t e d  by a 
p r o g r a m  or not. It is i n i t i a l l y  set to but is c h a n g e d
to ‘d ’ w h e n  the c l a u s e  is d e l e t e d .  At fi rs t, this a p p r o a c h  
does not s e e m  n e a r l y  as c l e a n  as s i m p l y  a d j u s t i n g  the 
p o i n t e r  in the p r e v i o u s  c l a u s e  h e a d e r  to p o i n t  to the 
s u b s e q u e n t  one. The c h o s e n  a p p r o a c h  s e e m s  to w o r k  b e t t e r  
here h o w e v e r ,  b e c a u s e  there m a y  be p o i n t e r s  to the d e l e t e d
c l a u s e  at o t h e r  l o c a t i o n s  in the d a ta s t r u c t u r e s .  To seek 
th es e out and d e l e t e  or a d j u s t  t h e m  a l s o  w o u l d  be a f a i r l y  
large task. The m a j o r  d r a w b a c k  to the p r e s e n t  a p p r o a c h  is 
that r o u t i n e s  e x a m i n i n g  the c l a u s e  h e a d e r s  m u s t  be p r e p a r e d  
to sk i p  ‘d e l e t e d ’ ones.
l i t l i s t s  - this list c o n t a i n s  one e n t r y  for each 
literal in the i n t e g r a t e d  d a t a  s t r u c t u r e s .  The p r e d p t r
po i n t s to the a s s o c i a t e d  p r e d i c a t e . The c 1 s p t r s point t o
ea c h c l a u s e  wh ich c o n t a i n  this li te ra 1 .
f p a 1 i s t s - c o n t a i n s  fpa e n t r i e s . An fpa e n t r y
cons i s t s of a p r e d i c a t e  and its sign, a n a r g ume n t to that
p r e d i c a t e , the n u m b e r  of that a r g u m e n t  wi thin the
p r e d i c a t e , a n d a set of p o i n ters to 1 i t e r a l s  that c o n t a i n
t h e fpa. T h is list is used to q u i c k 1y f ind l i t e r a l s  wh i c h
are g o o d c a n d i d a t e s  to u n i f y w i t h  a gi v e n literal
subs t i t u t ion - a subs t itu ti on e n t r y c o n s i s t s of a
v a r ia b l e (to be s u b s t i t u t e d for) and a p o i n t e r  to the term
in items to s u b s t i t u t e  for that v a r i a b l e .
d. Fx t e r na 1 V a r i a b l e s . L i n e s  53 - 76 of the p r o g r a m  
l i s t i n g  d e f i n e  the e x t e r n a l  v a r i a b l e s  s e v e r a l  of w h i c h  are 
of ty pe s d e f i n e d  a b o v e .  N o t e  that there are s e v e r a l  m a c r o  
i n v o c a t i o n s ,  e.g. A D E C C f s D ,  w h i c h  d e f i n e  e x t e r n a l  v a r i a b l e s  
to be u s e d  by the m o n i t o r  m a c r o s .  D o c u m e n t a t i o n  for th e s e  
m a c r o  d e f i n i t i o n s  can be f o u n d  in Lusk and O v e r b e e k ’s [10].
e. M a c r o  D e f i n i t i o n s . R e c a l l  f r o m  the h i g h - l e v e l
d e s c r i p t i o n  of the p r o g r a m  that the A S K F O R  m o n i t o r  d e f i n e s
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h o w  s u b p r o b l e m s  are to be d e t e r m i n e d  for s o l u t i o n  by the 
fwds a n d  bw d s .  The A S K F O R  is a c t u a l l y  v e r y  g e n e r a l -  
p u r p o s e .  T h e  F W D G E T P R O B  (and B W D G E T P R O B )  d e f i n e d  h e r e  
a c t u a l l y  f o r m  part of A S K F O R  m o n i t o r s .  For e x a m p l e ,  the 
F W D G E T P R O B  i n d i c a t e s  that a n o t h e r  s u b p r o b l e m  is a v a i l a b l e  
if the fsub v a r i a b l e  is g r e a t e r  than -1. In that ca se , the 
next p r o b l e m  to s o l v e  is i n d i c a t e d  by the next s u b s c r i p t  
v a l u e  of fsub. N o t e  that the l i m i t a t i o n  is i m p o s e d  that 
c l s p t r f f s u b ]  not be NIL. Th i s  is b e c a u s e  the n e xt p r o b l e m  
to be s o l v e d  is the next c l a u s e  p o i n t e d  to by the l i t l i s t  
e n t r y  of the c l a s h a b l e  li t e r a l .  Th e  l i t l i s t  p o i n t s  to all 
c l a u s e s  c o n t a i n i n g  that l i te ra l. The end of the list is 
m a r k e d  w i t h  the NIL va l u e .
Th e  F W D R E S E T  an d  F W D P R O B S T  m a c r o s  ar e  u s e d  to reset 
the f s u b  to -1 and to i n d i c a t e  that a n e w  p r o b l e m  is 
a v a i l a b l e  for s o l v i n g ,  r e s p e c t i v e l y .
f . Th-s. Pr<?cedu.r.es--
m a i n  - Th e  m a i n l i n e  r o u t i n e  c o n t a i n s  the 
i n i t i a l i z a t i o n  code. It then c o n s i s t s  of two l a r g e  loops, 
one to read in the o l d c l a u s e s  ( e x i s t i n g  b e f o r e  a 
s u b s u m p t i o n  c h e c k ) ,  and on e  to read in n e w c l a u s e s .  Th e  
loop that r e a d s  the n e w c l a u s e s  m a y  read in a n e w  c l a u s e  
e a c h  time, or it m a y  just use the same n e w  c l a u s e  an 
i n d i c a t e d  n u m b e r  of times. The o p t i o n  of u s i n g  the s a m e  
n e w  c l a u s e  o v e r  and over p e r m i t s  t i m i n g s  to be ta ke n for 
s e v e r a l  c l a u s e s  by t y p i n g  in o n l y  one. T h e  r e st of the 
logic of the m a i n l i n e  is as d e s c r i b e d  in the h i g h - l e v e l
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de sc r ipt ion.
i n t e g r a t e c  I a u s e  - T h is r o u t i n e  c o p i e s  the n e w  
c l a u s e  into the i n t e g r a t e d  data s t r u c t u r e s  C o l d c l a u s e  and 
o l d i t e m D  one literal at a time. E a c h  time, b e f o r e  it 
c o p i e s  a l i t e r a l ,  it v e r i f i e s  that the literal d o e s  not 
a l r e a d y  e x i s t .  If it does a l r e a d y  e x i s t ,  then the c u r r e n t
c l a u s e  is m e  re 1 y a d d e d  to the 1 it 1 i s t e n t r y for that
l i t e r a l ,  and the n e w  copy o f the 1 i t e r a 1 is r emo v e d .
A f t e r  a 1 1 1 it e r a 1 s f o r the c 1a u s e are c o p i e d ,  e n t r i e s
are a d d e d  to the f p a 1 i s t f o r each literal in the c l a u s e .  A
ne w  ‘e n d ’ is then ma r k e d in the o l d c l a u s e  s t r u c t u r e .
b u i l d l i t e r a l  - This r o u t i n e  c o n s t r u c t s  an e n t i r e  
l i t e r a l .  It does so by c a l l i n g  itself r e c u r s i v e l y  an item 
at a time. It ca ll s g e t o k e n  to r e t u r n  the next token 
Cpredi cate, v a r i a b l e ,  sign, etc.) f r om the input s t r e a m .  
* ? ’ m a r k s  en d  of input for o l d c l a u s e s  and for n e w c l a u s e s .  
*;• a n d  ’ D • are s k i p p e d  on input; they ar e  m e r e l y  
r e m e m b e r e d  as the p r e v i o u s  token for p u r p o s e s  of p a r s i n g  
the l i t e r a l s .  For e a ch p r e d i c a t e ,  f u n c t i o n ,  v a r i a b l e ,  and 
c o n s t a n t  this p r o c e d u r e  c a l l s  b u i l d i t e m  to c o n s t r u c t  an 
item to p l a c e  in the d a t a  s t r u c t u r e s ;  then it m a k e s  the 
r e c u r s i v e  call to b u i l d  the next item in the l i t e r a l .  
m a r k s  the end of a l i te ra l.
b u i l d i t e m  - T h i s  short 
item. It w i ll c o n s t r u c t  it
r o u t i n e  c o n s t r u c t s  the next 
in any items t y p e - o f - o b  ject at
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the s p e c i f i e d  l o c a t i o n .
l i t e x i s t c h k  - T h i s  r o u t i n e  c h e c k s  in the s p e c i f i e d  
items to see if some n e w l y  a d d e d  literal a l r e a d y  e x i s t s  
there. The a s s u m p t i o n  is that the c a l l i n g  r o u t i n e  will 
r e m o v e  the n e w  copy if it is a l r e a d y  there.
l i t c o m p a r e  - T h i3 p r o c e d u r e  e x a m i n e s  two l i t e r a l s  in 
the s p e c i f i e d  items to see if they are i d e n t i c a l .  rc = 1
i n d i c a t e s  that they are.
a d d t o l i t l i s t  - This p r o c e d u r e  adds a new e n t r y  to the 
literal list if that literal does not a l r e a d y  h a ve an e n t r y  
there. If th e r e  is one in the literal list a l r e a d y ,  then 
it m e r e l y  a u g m e n t s  the literal list e n t r y  w i t h  a p o i n t e r  to 
the n e w  c l a u s e  c o n t a i n i n g  that lite ra l.
b u i l d f p a l i s t  - This p r o c e d u r e  c o n s t r u c t s  e a c h  f p a l i s t  
e n t r y  f r om the s p e c i f i e d  items b e g i n n i n g  at the item 
p o i n t e d  to by s t a r t _ i t e m .  It c a l l s  a d d t o f p a l i s t  to en te r
e a c h  n e w e n t r y into the list. N o t e  that a s p e c i a l c a s e
a r i s e s  if a 1 i t e r a 1 has no a r g u m e n t s  ( p r o p o s i tion, e.g.
p 1 C ) ] . 1n t h is case , a s i n g l e  fpa e n t r y  Cfor a r g u m e n t
n u m b e r  zero] is c o n s t r u c t e d  w i t h  b l a n k  a r g u m e n t .  T h is is 
n e c e s s a r y  b e c a u s e  the s u b s u m p t i o n  r o u t i n e s  gain a c c e s s  to 
the o l d  l i t e r a l s  t h r o u g h  the f p a l i s t  e n t r i e s .
a d d t o f p a l i s t  - This p r o c e d u r e  adds an fpa e n t r y  
c o n s t r u c t e d  by b u i l d f p a l i s t  to the f p a l i s t .  It ca l l s  
h a s h f p a  to d e t e r m i n e  the p o i n t  in the f p a l i s t  to w h i c h  this
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p a r t i c u l a r  e n t r y  h a s h e s .  If that e n t r y  is a l r e a d y  in the 
list, it m e r e l y  a d d s  a l i t l i s t p t r  v a l u e  to it p o i n t i n g  to 
the l i t l i s t  e n t r y  for the ne w  literal c o n t a i n i n g  this fpa. 
If that e n t r y  is not a l r e a d y  in the list, the r o u t i n e  adds 
the e n t r y  a n d  g i v e s  it an initial l i t l i s t p t r  to the 
l i t e r a l .  T h e  n e w  e n t r y  is a d d e d  at a l o c a t i o n  in the list 
p o i n t e d  to by n e w _ f p a t  h a s h v a I  1, and then n e w _ f p a [ h a s h v a  I ) 
is i n c r e m e n t e d  by 1. T h e r e  is on e  e n t r y  in n e w _ f p a  for 
e a c h  p o s s i b l e  l o c a t i o n  in the f p a l i s t  to w h i c h  the h a s h  m a y  
o c c u r .  T h i s  n e w _ f p a  e n t r y  c o n t a i n s  a p o i n t e r  into the 
f p a l i s t  to the next o p en p o s i t i o n  for e n t r i e s  h a s h i n g  to 
that l o c a t i o n .  If an e n t r y  h a s h e s  to a full l o c a t i o n ,  then 
a s e q u e n t i a l  s e a r c h  is p e r f o r m e d  l o o k i n g  for an o p e n  slot
h a s h f p a  - T h i s  r o u t i n e  h a s h e s  the p r e d i c a t e  and
a r g ume n t t o a slot in the f p a l i s t base d s o l e l y o n t h e
p r e d i c a t e a n d a r g ume n t n umb e r w i t h i n that 1 i t e r a 1 The
a r g ume n t i t self is not u s e d  in the has h b e c a u s e 8 1 1
a r g um e  n t s a t that posit ion in a g iv e n p r e d i c a te s h o u 1 d h a sh
to the s ame l o c a t i o n  so that w h e n sear c h i n g f o r 1 1 t e r a 1s
that m a y u n ify, b o t h  va r i a b l e s  and con s t a n t s ( o r funct io n s )
w i ll be f ou nd at the same spot A v a r ■a bl e at 8 g i v e n
a r g u m e n t  p o s i t i o n  m i g h t  p o s s i b l y  u n i f y  w i t h  a c o n s t a n t  or 
f u n c t i o n  d e p e n d i n g  on the d i r e c t i o n  of s u b s u m p t i o n ;  e g 
pi Cxi ) w i ll s u b s u m e  p l ( a l )
p r t c l s e s  - Th i s  r o u t i n e  p r i n t s  the s p e c i f i e d  c l a u s e s  
f r o m  the i n d i c a t e d  items b e g i n n i n g  at the p a r t i c u l a r  c l a u s e
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i n d i c a t e d by cc ( c u r r e n t c l a u s e ) . It s k i p s  'd e l e t e d t
c l a u s e s . 1 t w i ll pr in t e i t h e r  the numb e r of c l a u s e s
i n d i c a t e d by h o w m a n y  or p r i n t  until it r e a c h e s  the end of
the c l a u s e s , w h i c h e v e r co m e  s first. It c a l l s p r t 1 i t t o
p r i n t  the i n d i v i d u a l  li t e r a l s .  N o t e  that the two r o u t i n e s
t o g e t h e r r e b u i l d  the cl a u s e s  for pr i n t i n g , i .e . they m u  s t
put b a c k i n the ’ I ’ , *( ’ , ’ ) ’ , and * ; ’ s y m b o 1s that w e r e
s t r i p p e d out w h e n  the 1 i t e r a l s  w e r e s t o r e d  in their
in t e r n a l f o rma t .
p r t I i t - T h i s  rout i n e i s ca 1 1 ed (by p r t c 1 s e s ) to
an i n d i v i d u a l literal f r o m a n e n t i r e c l a u s e . The two
rout i n e s w o  r k in c o n c e  r t as d e s c r i bed a b o v e  .
g e t o k e n  - Th i s  r o u t i n e  a c q u i r e s  the next t o k e n  f r o m  
the the input s t r e a m  of c l a u s e s .  A t o k e n  m a y  be a 
p r e d i c a t e ,  c o n s t a n t ,  v a r i a b l e ,  or f u n c t i o n .  A l s o  i n c l u d e d  
are * ( ’ , and ' ) ’ . * ? ’ is a s p e c i a l  token u s e d
to d e l i m i t  e a c h  of the sets of c l a u s e s ,  i.e. o l d c l a u s e s  and 
n e w c l a u s e s .  N o t e  that p r e d i c a t e  s i g n s  C+ or -) are a l s o  
r e t r i e v e d  f r o m  the input but are o n l y  u s e d  to set a flag, 
they are not r e t u r n e d  as tokens.
T h i s  r o u t i n e  c a l l s  g e t n e x t c h a r  to r e t r i e v e  the n e xt 
c h a r a c t e r  f r o m  the input in its a t t e m p t  to c o n s t r u c t  a 
token. N o t e  that f o l l o w i n g  the c o n s t r u c t i o n  of an item 
su c h  as pi it g e ts on e  a d d i t i o n a l  c h a r a c t e r  f r o m  the input 
to d e t e r m i n e  if that next c h a r a c t e r  is ’ ( ’ w h i c h  w o u l d  
i n d i c a t e  that the token c u r r e n t l y  in h a n d  is a p r e d i c a t e  or
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f u n c t i o n .  A d d i t i o n a l  c o n t e x t  is u s e d  to d e t e r m i n e  w h i c h .
The a d d i t i o n a l  c h a r a c t e r  r e t r i e v e d  is p l a c e d  b a c k  in the 
input s t r e a m  by u n g e t c  to be r e t r i e v e d  later as part of the 
next token.
g e t n e x t c h a r  - T h i s  s h o r t  p r o c e d u r e  r e t r i e v e s  the next 
c h a r a c t e r  f r o m  the input s t r e a m  of c l a u s e s ,  s k i p p i n g  the 
f o l l o w i n g  c h a r a c t e r s :
b l a n k ,  \n ( l i n e f e e d ) ,
\r ( c a r r i a g e  r e t u r n ) ,
\ t (t ab ), and
» . •
9
for s u b s u m  - N o t e  the e x t e r n a l  d a t a  d e f i n i t i o n  
i m m  e d i a t e l y  pr i o r  to this p r o c e d u r e .  T h i s  p r o c e d u r e  
p e r f o r m s  the f o r w a r d  s u b s u m p t i o n  c h e c k ,  i.e. it c h e c k s  to 
see if the c u r r e n t  ‘n e w ’ c l a u s e  is s u b s u m e d  by an old 
c l a u s e .
Th e  o u t e r m o s t  loop is a ‘f o r e v e r ’ loop that is e x i t e d  
if the v a r i a b l e  p g m d o n e  is a s s i g n e d  the v a l u e  ‘y ’ or if the 
r o u t i n e  is c a l l e d  in u n i p r o c e s s o r  m o d e  ( f w d _b w d_p a r a l l e l  = ‘n').
The n e s t e d  w h i l e  loop e x e c u t e s  until e i t h e r  all 
l i t e r a l s  in the n e w  c l a u s e  have been e x a m i n e d  or until 
s u b s u m p t i o n  of the ne w  c l a u s e  is d i s c o v e r e d  (rc = 1).
Wi t h in this loop i s a cal 1 to g e t c l a s h l i its. T h is call
r e t r ie v e s  a list o f all 1 i t e r a 1 s in the d a t a  s t r u c t u r e s
that m a  y c l a s h  w it h the c u r r e n t  1 i t e r a 1 o f the n e w  c l a u s e
A n e s t e d  for loop e x a m i n e s  e a ch literal in the list to see 
jf j* u n i f i e s  w i t h  the c u r r e n t  literal of the n e w  c l a u s e .
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If any literal u n i f i e s  w i t h  the c u r r e n t  n e w  one, a 
F W D P R O B S T  is e x e c u t e d  and a call to fwd is p e r f o r m e d .  If 
no literal u n i f i e s  w i t h  the new one, the next literal in 
the n e w  c l a u s e  is e x a m i n e d .
N o t e  that B A R R I E R S  are at the top and b o t t o m  of the 
f o r s u b s u m  r o u t i n e  to keep it in s y n c h r o n i z a t i o n  w i t h  the 
m a i n l i n e  w h i c h  m a y  e x e c u t e  b a c k s u b s u m  in p a r a l l e l .
fwd - T h i s  r o u t i n e  e x a m i n e s  the c l a u s e s  that ma y  
s u b s u m e  the ne w  c l a u s e .  E a c h  c l a u s e  is p o i n t e d  to by a 
literal in l i t l i s t  that has been d e t e r m i n e d  to be u n i f i a b l e  
w i t h  a literal in the ne w  c l a u se . The c l a u s e s  that the 
l i t l i s t  e n t r y  po i n t  to c o n s t i t u t e  the s u b p r o b l e m s ,  and thus 
p o i n t e r s  to t h e m  are r e t r i e v e d  via c a l l s  to the A S K F O R  
m o n i t o r .  N o t e  that one literal of the old c l a u s e  is 
a l r e a d y  k n o w n  to u n i f y  w i t h  a literal in the ne w  c l a u s e ,  so 
that literal is s k i p p e d  and not r e c h e c k e d .
R e c a l l  that th er e m a y  be m u l t i p l e  c o p i e s  of this 
r o u t i n e  r u n n i n g  in p a r a l l e l ,  t h e r e f o r e  it e x e c u t e s  as a 
‘f o r e v e r ’ loop. A copy m a y  exit o n l y  if it is the ‘m a s t e r ’ 
copy, or if the e n t i r e  p r o g r a m  is t e r m i n a t i n g .
b a c k s u b s u m  and bwd - T h e s e  p r o c e d u r e s  looks for old 
c l a u s e s  w h i c h  are s u b s u m e d  by the c u r r e n t  ne w  c l a u s e .  T h e y  
d i f f e r  f r o m  f o r s u b s u m  and fwd in the f o l l o w i n g  w a y s :
(1) o n l y  the first literal in the n e w  c l a u s e
is c l a s h e d  w i t h  old c l a u s e s  in the d a t a
s t r u c t u r e s .
(2) the c l a u s e s  s e l e c t e d  for c l a s h  are of
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c o u r s e  s e l e c t e d  as p o s s i b l e i n s t a n c e s o f
n ew c l a u s e .
(3) w h e n  s u b s u m p t i o n o c c u r s r c = 1 is set
but c o n t r o l  is not r e t u r n e d u n t i 1 all o 1 d
c l a u s e s  are e x a m i n e d to see i f they are
s u b s u m e d ;  also, any old c l a u s e s  s u b s u m e d  ar e  
' d e l e t e d '  by s e t t i n g  their d e l e t e  i n d i c a t o r s  
to ’d ’ Csee c l a u s e  d e s c r i p t i o n  a b o v e ) .
s u b s u m  - T h is r o u t i n e  c h e c k s  to see if a c l a u s e  in the 
d o m a i n  set s u b s u m e s  a c l a u s e  in the r a n g e  set C O v e r b e e k  
t e r m i n o l o g y ) .  M o s t  of the logic in this r o u t i n e  is 
o u t l i n e d  w e ll in L u s k  and O v e r b e e k ' s  [81. T h e y  refer to 
the e q u i v a l e n t  r o u t i n e  as ' s u b t e s t * .
It a c c o m p l i s h e s  its p u r p o s e  by e x a m i n i n g  e a c h  literal 
in the ra n g e  set and s e e i n g  if it will u n i f y  w i t h  some 
literal in the d o m a i n  set under the c u r r e n t  s u b s t i t u t i o n .  
Th i s  c u r r e n t  s u b s t i t u t i o n  m a y  h a v e  be e n  s u p p l i e d  by a 
c a l l i n g  r o u t i n e  s u ch as f o r s u b s u m ,  or it m a y  be p a s s e d  down 
by s u b s u m  itself in r e c u r s i v e  ca ll s.
As an e x a m p l e ,  if we w i s h  to see if p 1 C x 1 )  ! q 1 C x 1 )  
s u b s u m e s  q 1 ( a 1 )  ! p 1 ( a 1 )  we m u s t  first try to u n i f y  p 1 C x 1 )
w i t h  q 1 ( a 1 ) .  T h i s  o b v i o u s l y  fa il s at c o m p a r i s o n  of the 
p r e d i c a t e s .  Ne xt , we try p 1 C x 1 )  a g a i n s t  p 1 ( a 1 ) .  T h i s  
s u c c e e d s  w i t h  the s u b s t i t u t i o n  x 1 / a 1 .  N e x t ,  w h e n  we 
a t t e m p t  to u n i f y  q 1 C x 1 )  w i t h  q l ( a 1 ) ,  we m u s t  p e r f o r m  the 
s u b s t i t u t i o n  x1 /a 1 b e f o r e  a t t e m p t i n g  the u n i f i c a t i o n .
N o t e  that in the p r o c e d u r e ,  v a r i a b l e s  in the 
‘s u b s u m i n g '  l i t e r a l s  are r e n a m e d  (see r e n a m e v a r s )  b e f o r e  
a t t e m p t i n g  the u n i f i c a t i o n .  T h i s  is d o n e  of c o u r s e ,  
b e c a u s e  the same v a r i a b l e  n a me m a y  a p p e a r  in b o t h  c l a u s e s .
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but it is a c t u a l l y  a d i f f e r e n t  v a r i a b l e  w h e n  in s e p a r a t e  
c l a u s e s  .
u n i f y  - T h i s  p r o c e d u r e  p e r f o r m s  the u n i f y  f u n c t i o n ,  
a l t h o u g h  it is o n l y  a 1 - d i r e c t i o n  u n i f i c a t i o n  in the s e n s e  
that it d o e s  not a t t e m p t  to p r o d u c e  a m o s t  g e n e r a l  u n i f i e r  
for the two l i t e r a l s .  For e x a m p l e ,  full u n i f i c a t i o n  w o u l d  
p r o d u c e  the g e n e r a l  u n i f i e r  x/a, y/b for the two c l a u s e s  
p ( x , b )  and p ( a , y ) .  He re , h o w e v e r  it is n e c e s s a r y  to 
d i s c o v e r  if on e  c l a u s e  is an i n s t a n c e  of a n o t h e r  for 
p u r p o s e s  of s u b s u m p t i o n  - ab ov e, n e i t h e r  is. For p C x . b )  
and p ( a , b ) the s u b s t i t u t i o n  x/a w i ll p e r m i t  p t x . b )  to 
s u b s u m e  p ( a , b ) ,  t h e r e f o r e  the u n i f i c a t i o n  is one d i r e c t i o n ,  
i.e. the d i r e c t i o n  in w h i c h  s u b s u m p t i o n  is to be p e r f o r m e d .
T h i s  r o u t i n e  c a l l s  itself r e c u r s i v e l y  a t t e m p t i n g  to 
u n i f y  the i n d i v i d u a l  items. N o t e  that the s u b s t i t u t i o n  in 
fo rc e at an y  g i v e n  po in t is p a s s e d  do w n  to the next level.
s k i p l i t  - T h is short r o u t i n e  c o p i e s  a c l a u s e  h e a d e r  to 
a t e m p o r a r y  l o c a t i o n  s k i p p i n g  the literal s p e c i f i e d  by 
I i t_t o_s k i p .
g e t c l a s h l  its - N o t e  that this r o u t i n e  has an e x t e r n a l  
s t r u c t u r e  d e f i n i t i o n  a b o v e  it that is u s e d  for d e f i n i t i o n  
of t e m p o r a r y  d a t a  items.
T h i s  p r o c e d u r e  e x a m i n e s  the a r g u m e n t s  of a lite ra l and 
uses the f p a l i s t  to find l i t e r a l s  that m a y  u n i f y  w i t h  it in 
the s p e c i f i e d  d i r e c t i o n ,  i.e. f o r w a r d  or b a c k w a r d .  It
b u i l d s  an fpa for e a ch a r g u m e n t  and c a l l s  f p a m a t c h k  to look 
for m a t c h i n g  e n t r i e s  in the f p a I i s t . N o t e  that an fpa for 
a p r o p o s i t i o n ,  e.g. p 1 ( ) , is a s p e c i a l  c a s e  in that the 
a r g u m e n t  n u m b e r  is 0. E a c h  literal d i s c o v e r e d  by f p a m a t c h k  
is a d d e d  to a t e m p o r a r y  c l a s h  list (see a d d t o t e m p c I  ash 
be Iow) .
A f t e r  all m a t c h i n g  fpas have be e n  d i s c o v e r e d  and 
p o i n t e r s  to their a s s o c i a t e d  l i t e r a l s  ( a c t u a l l y  their 
l i t l i s t  e n t r i e s )  h a v e  b e e n  p l a c e d  in the t e m p o r a r y  c l a s h  
list, the e n t r i e s  in tempcI ash are e x a m i n e d .  E a c h  e n t r y  
has a s s o c i a t e d  w i t h  it a r e f e r e n c e  co u n t .  If the r e f e r e n c e  
c o u n t  m a t c h e s  the n u m b e r  of a r g u m e n t s  that w e r e  in the 
li t e r a l ,  i.e. this literal u n i f i e s  w i t h  the n e w  literal in 
e v e r y  p o s s i b l e  a r g u m e n t ,  then the literal is a d d e d  to the 
l i t s t o c l a s h  list of l i t e r a l s  to c l a s h  w i t h  the c u r r e n t  new 
l i t e r a l .  N o t e  that the a r g u m e n t  n u m b e r  of 0 for 
p r o p o s i t i o n s  is t r e a t e d  s p e c i a l  h e r e  b e c a u s e  the a r g u m e n t  
n u m b e r  will not m a t c h  the r e f e r e n c e  c o u n t  of 1.
f p a m a t c h k  - Th i s  r o u t i n e  looks for f p a l i s t  e n t r i e s  
that m a t c h  a g i v e n  a r g u m e n t  of so m e  s p e c i f i e d  p r e d i c a t e .  
P i r s t ,  it h a s h e s  the p r e d i c a t e  and a r g u m e n t  n u m b e r  u s i n g  
the s a m e  r o u t i n e  ( h a s h f p a )  that is us e d  w h e n  w h e n  f p a l i s t  
e n t r i e s  are c r e a t e d .  O n c e  r e a c h i n g  the h a s h - t o  p o s i t i o n ,  
it s e a r c h e s  f o r w a r d  l o o k i n g  for m a t c h i n g  fpa e n t r i e s .
N o t e  that fpa e n t r i e s  do not h a ve to m a t c h  e x a c t l y .
For e x a m p l e ,  w h e n  p e r f o r m i n g  f o r w a r d  s u b s u m p t i o n ,  the fpa 
e n t r y  for p 1 ( x 1 ,  will m a t c h  w i t h  p 1 ( a 1 ,  f r o m  the ne w
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c l a u s e  b e c a u s e  the literal c o n t a i n i n g  the x1 m a y  s u b s u m e  
the on e  c o n t a i n i n g  the a1.
i s a v a r i a b l e  - T h i s  p r o c e d u r e  e x a m i n e s  the first 
c h a r a c t e r  of an y  s p e c i f i e d  item to d e t e r m i n e  if it is a 
v a r i a b l e .  V a r i a b l e s  b e g i n  w i t h  one of the l e t t e r s  s-z. 
P r e d i c a t e s ,  c o n s t a n t s ,  and f u n c t i o n s  b e g i n  w i t h  on e  of the 
l e t t e r s  a-r or A-Z, as in I TP 134],
a d d t o t e m p c I  ash - T h i s  p r o c e d u r e  a d d s  a l i t l i s t  p o i n t e r  
to the t e m p o r a r y  c l a s h  list for g e t c  I ash I i t s . If the 'new* 
e n t r y  is a l r e a d y  there, it m e r e l y  i n c r e m e n t s  the r e f e r e n c e  
c o u n t  Csee g e t c l a s h l i t s ) ,  o t h e r w i s e  it a d d s  the e n t r y  and 
i n i t i a l i z e s  the r e f e r e n c e  co un t to 1.
c o p y t e r m  - T h i s  r o u t i n e  will c o py an y  items t y p e - o f -  
o b j e c t  b e g i n n i n g  at f r o m ( f l )  to a l o c a t i o n  b e g i n n i n g  at 
t o l t l ) .  It c o n s i d e r s  e a c h  item to h a ve a right and left 
side as d e p i c t e d  in F i g u r e  5, w h e r e  for e x a m p l e ,  the 
f u n c t i o n  f1 has the left s i d e  a1 a n d  the right s i de y1.
The left s i d e  is s u b o r d i n a t e  to the item, and the right 
side is on its s a me level.
If cop y_t y p e = ’ I' (l ef t) c o p y t e r m  will c o p y  o n l y  the
first it em and its left side ; * r ’ it c o p i e s o n 1y the i t em
and its ri gh t; ’b * the i t em and b o t h of its s i d e s ; any
o t h e r  v a l u e  - it c o p i e s on 1 y the one item. L i t 1 istent r y s
are c o p i e d  for p r e d i c a t e s  e v e n  t h o u g h  the 1 i t 1 i3 t e n t r i e s
do not p o i n t  to the c o p i e s , o n ly to the o r ig i n a 1 s
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Th e p r o c e d u r e i s r e c u r s i v e  for the left and right
p a r t s  if they are to be c o p i e d .  N o t e  that if an o u t s i d e
rout i n e c a l l s this one to pr i n t  an item an d  it s left, the
item is first cop ie d , then a r e c u r s i v e  call is m a d e  to c o p y
the left i t e m and b ft t h of its sides.
r e n ame v a r s - Th i s p r o c e d u r e  r e n a m e s  the va r i a b 1e s i n a
li t e r a l .  It is t y p i c a l l y  c a l l e d  b e f o r e  the u n i f i c a t i o n  
p r o c e s s  is p e r f o r m e d .  The v a r i a b l e s  n e e d  to be r e n a m e d  in 
a ‘s u b s u m i n g ’ c l a u s e  b e c a u s e  the s a m e  v a r i a b l e  n a m e s  m a y  
a p p e a r  in two c l a u s e s ,  but of c o u r s e  r e p r e s e n t  d i f f e r e n t  
v a r i a b I e s .
Th e  v a r i a b l e s  are g i v e n  na me s that c a n n o t  be s u p p l i e d  
as n a m e s  by the user. Re c a l l  that v a r i a b l e s  m u s t  b e g i n  
w i t h  on e  of the l e t t e r s  ‘s ’ - * z ’ . T h e s e  are m e r e l y  
c h a n g e d  to * 1 ’ - * 8 ’ , r e s p e c t i v e l y  in the inte rn al
r e p r e s e n t a t i o n .  N o t e  that the v a r i a b l e  n a m e s  are a c t u a l l y  
a l t e r e d ,  so a c a l l i n g  w o u l d  n o r m a l l y  c o py the literal to 
some t e m p o r a r y  l o c a t i o n ,  b e f o r e  c a l l i n g  this r o u t i n e .
s u b s t i t u t e  - Th i s  p r o c e d u r e  p e r f o r m s  the s u b s t i t u t i o n  
for v a r i a b l e s  in a literal w h i c h  is b e i n g  u n i f i e d  w i t h  
a n o t h e r .  O n l y  v a r i a b l e s  w h i c h  h a ve r e n a m e d  v a l u e s  (see 
r e n a m e v a r s )  will be r e p l a c e d .  C o n s i d e r  the c a s e  w h e r e  61 
( r e p r e s e n t i n g  xl) is to be r e p l a c e d  by g K b l . x l ) .  The 
s u b s t i t u t u i o n  e n t r y  w o u l d  c o n t a i n :
(1) the v a r i a b l e  n a me - 61 here
C 2 D a po inter to the s u b s t i t u t i o n the first
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i t e m  in the f u n c t i o n  g 1 C b 1 , x 1 ) .
W h e n  the s u b s t i t u t i o n  is p e r f o r m e d  the first i t em and 
its e n t i r e  left si d e  is s u b s t i t u t e d  for the i n d i c a t e d  
v a r i a b l e .  H e r e ,  the 61 w o u l d  be r e p l a c e d  by g l ( b l . x l ) .
e r r o r  - T h i s  r o u t i n e  is a g e n e r a l  r o u t i n e  that can be 
c a l l e d  by a n y  p r o c e d u r e  that d e t e c t s  an a r r a y  o v e r f l o w .  It 
a c c e p t s  a r g u m e n t s  c o n t a i n i n g  the na m e  of the p r o c e d u r e  
d e t e c t i n g  the e r r o r ,  the n a m e  of the v a r i a b l e  that e x c e e d e d  
the a r r a y  s i z e ,  and the n a m e  of the v a r i a b l e  c o n t a i n i n g  the 
m a x i m u m  a r r a y  size.
The p r o c e d u r e  p r i n t s  out a m e s s a g e  g i v i n g  this 
i n f o r m a t i o n ,  and then h a l t s  p r o g r a m  e x e c u t i o n  by i s s u i n g  an 
exit (1) i n s t r u c t i o n .
2. T e s t i n g . The t e s t i n g  of the s u b s u m p t i o n  p r o g r a m  
w a s  e s s e n t i a l l y  d o n e  in t h r e e  s t a g e s .
In s t a g e  1, a v e r s i o n  of the p r o g r a m  wa s  t e s t e d  w h i c h  
c o n t a i n e d  no p a r a l l e l i s m ,  in o r d e r  to v e r i f y  that the 
p r o g r a m  w o u l d  c o r r e c t l y  p e r f o r m  the s u b s u m p t i o n  p r o c e s s .  
M o s t  t e s t i n g  at this s t a g e  w a s  d o n e  on an IBM p e r s o n a l  
c o m p u t e r .  E v e n t u a l l y ,  the p r o g r a m  wa s  u p l o a d e d  and t e s t e d  
on a V A X  1 1 / 7 8 0  at U M R .
At this p o i n t ,  it s h o u l d  be m e n t i o n e d  that a v e r s i o n  
of the m o n i t o r  m a c r o s  wa s  a v a i l a b l e  for use on a VAX. T h i s  
v e r s i o n  of the m a c r o s ,  for the m o s t  part, g e n e r a t e s  no 
co de ; it just a l l o w s  c o m p i l a t i o n  of the p r o g r a m  w i t h  no 
c h a n g e s  to the s o u r c e .  T h e r e f o r e ,  it w a s  p o s s i b l e  to
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e x e c u t e  the ‘m u l t i p r o c e s s o r ’ v e r s i o n  of the p r o g r a m  on the 
VA X  m e r e l y  s u p p l y i n g  the n e c e s s a r y  p a r a m e t e r s  to tell the 
p r o g r a m  that it s h o u l d  s p a w n  no p a r a l l e l  p r o c e s s e s .
In s t a g e  2, the p r o g r a m  was a u g m e n t e d  w i t h  the m o n i t o r  
m a c r o s .  R e c a l l  that this v e r s i o n  of the p r o g r a m  is c o d e d  
in s u c h  a m a n n e r  that it runs s u c c e s s f u l l y  in u n i p r o c e s s o r  
m o d e .  Th us , it wa s  p o s s i b l e  to p e r f o r m  initial t e s t i n g  of 
the m u l t i p r o c e s s o r  v e r s i o n  on the V A X  at U M R .
S t a g e  3 of the t e s t i n g  i n v o l v e d  e x e c u t i n g  the p r o g r a m  
on the H E P  m u l t i p r o c e s s o r  at A r g o n n e  N a t i o n a l  Labs. At 
first, this t e s t i n g  was d o ne in u n i p r o c e s s o r  m o d e  just to 
v e r i f y  that the p r o g r a m  w o u l d  still w o r k .  T h e n ,  t e s t i n g  
was d o n e  w i t h  v a r i o u s  n u m b e r s  of p a r a l l e l  p r o c e s s e s .
At this po in t, some p r o b l e m s  w e r e  e n c o u n t e r e d  w h i c h  
w o u l d  o c c a s i o n a l l y  lead to A B E N D  s i t u a t i o n s .  D e b u g g i n g  was 
u s u a l l y  d o ne by p l a c i n g  pr in t s t a t e m e n t s  at s e l e c t e d  p o i n t s  
in the r o u t i n e s  in q u e s t i o n .  Of c o u r s e ,  locks had to be set 
w h e n  s u ch p r i n t i n g  wa s  do n e  b e c a u s e  the r o u t i n e s  w e r e  r u n n i n g  
in p a r a l l e l  an d  p o t e n t i a l l y  c o u l d  i n t e r f e r e  w i t h  e a c h  o t h e r .
W h e n  e a c h  p r o b l e m  wa s  found, a c o r r e c t i o n  w a s  a p p l i e d  
and the t e s t i n g  re t r i e d .  U s u a l l y ,  for large c h a n g e s ,  the 
p r o g r a m  was r e t e s t e d  on the VAX at UMR first to v e r i f y  that 
the logic r e m a i n e d  so u n d  in u n i p r o c e s s o r  m o d e .
T y p i c a l l y ,  an A B E N D  w o u l d  a r i s e  in the f o r m  of a 
m e m o r y  p r o t e c t i o n  error. R e f e r e n c i n g  b e y o n d  the end of an 
a r r a y  c o u l d  c a u s e  one of these e r r o r s ,  but t h o s e  e r r o r s  
e n c o u n t e r e d  in this t e s t i n g  w e r e  all c a u s e d  by two (or
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m o r e )  p a r a l l e l  r o u t i n e s  a t t e m p t i n g  to c h a n g e  the s a me 
e x t e r n a l  v a r i a b l e  at the s a me time.
It is, of c o u r s e ,  best to m i n i m i z e  the n u m b e r  of 
e x t e r n a l  v a r i a b l e s  in a p r o g r a m ,  but in this e n v i r o n m e n t ,  
it is a l m o s t  i m p o s s i b l e  to do a w a y  w i t h  t h e m  c o m p l e t e l y  
s i n c e  the p r o c e s s e s  c o m m u n i c a t e  t h r o u g h  c o m m o n  m e m o r y  
l o c a t i o n s  and o f t e n  m u s t  e x a m i n e  the s a m e  l o c a t i o n .  C a r e  
m u s t  be e x e r c i s e d  w h e n  an e x t e r n a l  item m a y  c h a n g e  h o w e v e r ,  
and lo ck s set if n e c e s s a r y .
I n n u m e r a b l e  p r o b l e m s  a r o s e  d u r i n g  s t a g e  3 of the 
t e s t i n g  p h a s e .  S e v e r a l  of th e m  w e r e  due to c o m m u n i c a t i o n  
over p h o n e  I ines b e t w e e n  U M R  and A r g o n n e .
M o s t  p r o b l e m s  h o w e v e r ,  w e r e  due to the fact that the 
HE P  ha d  a n e w  v e r s i o n  of its U N I X  o p e r a t i n g  s y s t e m  
i n s t a l l e d ,  w h i c h  t e n d e d  to be q u i t e  u n s t a b l e .  It wa s  not 
u n u s u a l  to get n u m e r o u s  i n t e r m i t t e n t  m e m o r y  p r o t e c t i o n  
e r r o r s  for no a p p a r e n t  r e a s o n .  The task of d e t e r m i n i n g  
w h i c h  e r r o r s  a c t u a l l y  r e s u l t e d  f r o m  p r o g r a m  e r r o r s  wa s  
u s u a l l y  a c c o m p l i s h e d  by s i m p l y  r e r u n n i n g  the p r o g r a m  
s e v e r a l  times. P r o g r a m - i n d u c e d  m e m o r y  p r o t e c t  e r r o r s  w o u l d  
u s u a l l y  re c u r .  T h i s  v e r s i o n  of the o p e r a t i n g  s y s t e m  a l s o  
t e n d e d  to lose files f r e q u e n t l y ,  w h i c h  c a u s e d  c o n s i d e r a b l e  
a d d i t i o n a l  logon time just to r e s t o r e  fi l e s .  A l s o ,  s o m e  of 
the C r o u t i n e s  that p e r f o r m  a s y n c h r o n o u s  o p e r a t i o n s  w e r e  
not i n i t i a l l y  a v a i l a b l e .
T h i s  d i s c u s s i o n  is not i n t e n d e d  to d o w n g r a d e  the H E P. 
I n s t e a d ,  it s h o u l d  be s t a t e d  that the H E P  d o es p r e s e n t  a
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v e r y  p o w e r f u l  e n v i r o n m e n t  for r e s e a r c h .  T h i s  t h e s i s  just 
h a p p e n e d  to b e g i n  w h e n  t h i n g s  w e r e  in a s t a t e  of c h a n g e  at 
A r g o n n e .  Th e  s i t u a t i o n  has p r o g r e s s i v e l y  i m p r o v e d ,  and 
h o p e f u l l y ,  w i ll c o n t i n u e  to do so.
Th e  r e s u l t s  of the t e s t i n g  ph a s e ,  and s u g g e s t i o n s  for 
f u r t h e r  te s t s ,  m a y  be f o u n d  in the R E S U L T S  and C O N C L U S I O N S  
A N D  S U G G E S T I O N S  FO R  F U R T H E R  R E S E A R C H  s e c t i o n s ,  r e s p e c t i v e l y .
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R E S U L T S ,
A. G E N E R A L
T h i s  s e c t i o n  p r e s e n t s  the r e s u l t s  of the s t a g e  3 
t e s t i n g  Csee T E S T I N G  s e c t i o n )  do n e  on the HEP c o m p u t e r .  
T h e s e  r e s u l t s  are i n t e n d e d  to d e m o n s t r a t e  that w h e n  c e r t a i n  
fo rm s of p a r a l l e l i s m  are a v a i l a b l e  in a g i v e n  p r o b l e m ,  that 
the p r o g r a m  can indeed e x p l o i t  that p a r a l l e l i s m ;  in fact, 
that it can s p e e d  up c e r t a i n  p o r t i o n s  of the p r o g r a m  by as 
m u c h  as one o r d e r  of m a g n i t u d e  on a s i n g l e - P E M  HEP. The 
r e s u l t s  a l s o  d e m o n s t r a t e  the fact that w h e n  t h e s e  f o r m s  of 
p a r a l l e l i s m  are not a v a i l a b l e ,  p e r f o r m a n c e  m a y  be 
d o w n g r a d e d  s o m e w h a t .
B e c a u s e  t h e s e  two c o n f l i c t i n g  c a s e s  m a y  a r i s e ,  
s u b s e q u e n t  s e c t i o n s  C C O N C L U S I O N S  A N D  S U G G E S T I O N S  FO R  
F U R T H E R  R E S E A R C H )  d i s c u s s  p r o g r a m  o p t i o n s  that p e r m i t  the
c h o i c e  of w h i c h , if any fo rm s of p a r a l l e l ! sm to use, and
w h e n to use t h e m Th e y a l s o  d i s c u s s o t h e r fo rm s o f
p a r a 1 1 e 1 i sm that m a y  b e d e s i r a b l e  to b u i l d into the
p r o g r a m .  In this s e c t i o n  h o w e v e r ,  the e x p e r i m e n t a l  r e s u l t s  
o b t a i n e d  thus far are s i m p l y  p r e s e n t e d ,  w i t h  m i n i m a l  
c o m m e n t s  or s u g g e s t i o n s .
A s s o c i a t e d  w i t h  e a ch of the f o l l o w i n g  sets of test 
r e s u l t s ,  is a f i g u r e  that s h o w s  the a p p r o x i m a t e  r u n - t i m e  of 
ea c h  test in m i l l i s e c o n d s .  T h e s e  f i g u r e s  are not i n t e n d e d  
to p r o v i d e  e x a c t  v a l u e s ,  but rather to d e m o n s t r a t e  the 
r e l a t i v e  ti me s of one run to a n o t h e r .  E a c h  of t h e s e  f i g u r e s
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has an axis c a l l e d  "Type an d  N u m b e r  of P r o c e s s e s " .  The 
l a b e l i n g  on t h e s e  a x es s h o u l d  be d e s c r i b e d  b e f o r e  
c o n t i n u i n g .
On e a c h  ax is , if the label "f b p "  is p r i n t e d ,  it m e a n s  
that f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  are run in p a r a l l e l .
If this label is not p r e s e n t ,  then it is a s s u m e d  that they 
are run s e q u e n t i a l l y ,  i.e. f o r w a r d ,  then b a c k w a r d .  All 
o t h e r  l a b e l i n g s  c o n t a i n  two n u m e r i c  v a l u e s ,  e.g. "4,8", 
w h i c h  m e a n s  that 4 c o p i e s  of fwd are r u n n i n g  in p a r a l l e l  
w i t h  8 c o p i e s  of bwd. N o t e  that b o t h  fo r m s  of label m a y  be 
p r e s e n t  for a s i n g l e  e x e c u t i o n .  If a g i v e n  run s h o w s  "1 ,1 " 
and d o e s  not s h o w  fbp, then it is e s s e n t i a l l y  a u n i p r o c e s s o r  
e x e c u t i o n .
B .  T E S T  J.
T e st 1 ' s d a ta has b e en set up such that s e v e r a l  of the 
old c l a u s e s  ar e  c a n d i d a t e s  to s u b s u m e  the new c l a u s e ,  but 
o n l y  the last one a c t u a l l y  does s u b s u m e  it. T h e r e f o r e ,  in 
s e q u e n t i a l  m o d e ,  s e v e ra l o l d  c l a u s e s  m u s t  be e x a m i n e d  to 
d i s c o v e r  that the last one s u b s u m e s .  In a p a r a l l e l  m o d e  
h o w e v e r ,  s e v e r a l  old c l a u s e s  m a y  be e x a m i n e d  at one time.
For this test, the t i m i n g s  w e r e  t a k e n  i m m e d i a t e l y  
b e f o r e  the F W D P R O B S T  i n s t r u c t i o n  (l in e 814) and i m m e d i a t e l y  
a f t e r  the rc = fwd ( m a s t e r )  i n s t r u c t i o n  ( l i n e  815). The 
t i m i n g s  w e r e  taken at th es e l o c a t i o n s  b e c a u s e ,  in this 
test, the c o n c e r n  is not w i t h  the o v e r a l l  r u n - t i m e  of the 
s u b s u m p t i o n  a l g o r i t h m ,  but rather o n l y  w i t h  s p e e d i n g  up
that p o r t i o n  of the a l g o r i t h m  w h i c h  is r e s p o n s i b l e  for 
e x a m i n i n g  c a n d i d a t e  c l a u s e s .
N o t e  f r o m  F i g u r e  6 that five e x e c u t i o n s  are 
r e p r e s e n t e d  w i t h  i n c r e a s i n g  n u m b e r s  of fwds d e v o t e d  to the 
p r o b l e m .  T h e y  r a n g e  f r o m  a u n i p r o c e s s o r  e x e c u t i o n  to an 
e x e c u t i o n  w i t h  16 fwds. Th e  a p p r o x i m a t e  t i m i n g s  r e c o r d e d  
are: 140, 71, 39, 20, 17, and 13 ms.
N o t e  that the range on the t i m i n g s  is f r o m  
a p p r o x i m a t e l y  140 ms to 13 ms, or ab ou t one o r d e r  of 
m a g n i t u d e  s p e e d - u p .  This is the m o s t  d r a m a t i c  s p e e d - u p  
o b t a i n e d  w i t h  the p r o g r a m  thus far, a l t h o u g h  the same is 
o b t a i n a b l e  w i t h  m u l t i p l e  bw d s  on a s i m i l a r  p r o b l e m .
C. I.L.S.X 2.
T e st 2 ’s d a t a  has been set up such that no s u b s u m p t i o n  
a c t u a l l y  o c c u r s  in e i t h e r  d i r e c t i o n ,  but s e v e r a l  old 
c l a u s e s  are c a n d i d a t e s  to s u b s u m e  the n e w  c l a u s e  in f o r w a r d  
s u b s u m p t i o n  and s e ve ra l old c l a u s e s  are c a n d i d a t e s  to be 
s u b s u m e d  by the new c l a u s e  in b a c k w a r d  s u b s u m p t i o n .  S i n c e  
no s u b s u m p t i o n  o c c u r s ,  b o t h  f o r w a r d  and b a c k w a r d  
s u b s u m p t i o n  m u s t  be run to d e t e r m i n e  this fact.
For this test, the t i m i n g s  w e r e  t a k e n  i m m e d i a t e l y  
b e f o r e  the if ( f w d _ b w d _ p a r a  I IeI == ’n) i n s t r u c t i o n  ( l i n e
296) and i m m e d i a t e l y  af te r the b a c k s u b s u m  () i n s t r u c t i o n  
( l i n e  301). The t i m i n g s  w e r e  ta ke n at t h e s e  l o c a t i o n s  
in o r d e r  to c a l c u l a t e  o n ly the time sp e n t  in f o r w a r d  and
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o v e r h e a d  of time l o o p i n g  in the m a i n l i n e ,  etc.
N o t e  f r o m  F i g u r e  7, that five e x e c u t i o n s  are 
r e p r e s e n t e d :  a u n i p r o c e s s o r  run, a run w i t h  f o r w a r d  and
b a c k w a r d  in p a r a l l e l ,  and then three o t h e r  runs w i t h  
f o r w a r d  and b a c k w a r d  in p a r a l l e l  and v a r i o u s  n u m b e r s  of 
fwds and b w d s  d e v o t e d  to e x a m i n a t i o n  of c a n d i d a t e  c l a u s e s .  
The a p p r o x i m a t e  t i m i n g s  r e c o r d e d  are: 298, 250, 175, 139,
and 120 m s .
N o t e  that m o r e  o v e r h e a d  is p r e s e n t  in these t i m i n g s  
than in Test 1, b e c a u s e  we are e x a m i n i n g  the e n t i r e  time 
t h r o u g h  the f o r w a r d  and b a c k w a r d  s u b s u m p t i o n  r o u t i n e s ,  not 
just the time to e x a m i n e  a set of c a n d i d a t e  l i t e r a l s .  It 
s h o u l d  be a p p a r e n t  h o w e v e r ,  that a r e a s o n a b l e  s p e e d - u p  
( a b o u t  2.5 times, he re ) is a t t a i n a b l e  for the o v e r a l l  
s u b s u m p t i o n  a l g o r i t h m  for this type of p r o b l e m .
D. TEJSX 2.
Test 3 ' s d a t a  has be e n  set up such that s e v e r a l  of the 
old c l a u s e s  f o r w a r d  s u b s u m e  the n e w  c l a u s e ,  but a l s o  such 
that the n e w  c l a u s e  b a c k w a r d  s u b s u m e s  s e v e r a l  o l d  c l a u s e s .  
T h i s  test is d e s i g n e d  to d e m o n s t r a t e  the a s p e c t  of the 
p r o g r a m  that g i v e s  b a c k w a r d  s u b s u m p t i o n  p r e c e d e n c e  w h e n  
b o th f o r w a r d  and b a c k w a r d  are run in p a r a l l e l .  R e c a l l  that 
if t h ey are r u n n i n g  in p a r a l l e l  and b o t h  f o r w a r d  and 
b a c k w a r d  o c c u r ,  then the b a c k w a r d  is u s e d  b e c a u s e  w i t h  
f o r w a r d  o n l y  the n e w  c l a u s e  can be s u b s u m e d ,  but w i t h  















F i g u r e  7 . T e s t  2 e x e c u t i o n t i me s
For this test, the t i m i n g s  w e r e  ta ke n at the s a me 
l o c a t i o n s  as in Test 2, i.e. i m m e d i a t e l y  b e f o r e  the 
i n v o c a t i o n  of f o r s u b s u m  and i m m e d i a t e l y  a f t e r  the 
i n v o c a t i o n  of b a c k s u b s u m  ( l i n e s  29 6  and 301). As in T e st 
2 , the c o n c e r n  is o n ly w i t h  the time sp en t in b o t h  f o r w a r d  
and b a c k w a r d  s u b s u m p t i o n ,  w i t h o u t  i n c l u d i n g  any a d d i t i o n a l  
o v e r h e a d  .
N o t e  f r o m  F i g u r e  8 that four e x e c u t i o n s  are 
r e p r e s e n t e d :  a u n i p r o c e s s o r  run, a run w i t h  f o r w a r d  and 
b a c k w a r d  in p a r a l l e l ,  and then two ot he r runs w i t h  f o r w a r d  
and b a c k w a r d  in p a r a l l e l  an d  v a r i o u s  n u m b e r s  of fwds and 
bwds d e v o t e d  to e x a m i n a t i o n  of c a n d i d a t e  c l a u s e s .  The 
th ir d run g i v e s  8 c o p i e s  e a c h  of fwd and bwd. The f o u r t h  
run t r i e s  14 bwds, b e c a u s e  we k n o w  that in this run there 
are m o r e  c l a u s e s  b a c k w a r d  s u b s u m e d .  It d o e s  not s h o w  m u c h  
s p e e d - u p  o v e r  the " 8 , 8 ” run h o w e v e r ,  due to the fact that 
even t h o u g h  not m u c h  f o r w a r d  s u b s u m p t i o n  o c c u r s ,  th er e are 
s e v e r a l  old c l a u s e s  that are c a n d i d a t e s  to f o r w a r d  s u b s u m e .
The a p p r o x i m a t e  t i m i n g s  are: 50, 178, 70, and 61 ms. 
F i g u r e  8 i n d i c a t e s  t h e r e f o r e ,  that the u n i p r o c e s s o r  run of 
this test t a k e s  less time than any of the o t h e r  runs. The 
i m p o r t a n t  s t a t i s t i c  for this test h o w e v e r ,  is not m e r e l y  
the r u n - t i m e .  R a t h e r ,  it is the n u m b e r  of c l a u s e s  
s u b s u m e d .  N o t e  that F i g u r e  9 i n d i c a t e s  that the 
u n i p r o c e s s o r  v e r s i o n  of the p r o g r a m  o n l y  f o u n d  on e  c l a u s e  
to be s u b s u m e d  ( f o r w a r d ) .  In the o t h e r  runs, 28 c l a u s e s  
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a d d e d  to a s s i s t  the p r o c e s s ,  the r u n - t i m e  came b a c k  do w n  
c l o s e  to the time for the u n i p r o c e s s o r  e x e c u t i o n .
E . T E S T S  ±  f l JU t  5.
T e s t s  4 and 5 are not 1 in ve n t e d ' da ta . R a t h e r , they
p r o b 1ems that have been p u b l i s h e d e 1s ewh ere, e.g i n
[28, 23. For th es e tests, the p r o b l e m s  w e r e  first run 
t h r o u g h  the a u t o m a t e d  t h e o r e m  p r o v i n g  s y s t e m  ITP [34], 
s a v i n g  g e n e r a t e d  c l a u s e s  in a file. R e c a l l  that the 
p r o g r a m  d e s c r i b e d  in this th e s i s  has a m a i n l i n e  r o u t i n e  
w h i c h  r e a d s  in ne w  c l a u s e s  and then i n v o k e s  the s u b s u m p t i o n  
r o u t i n e s .  Th e  m a i n l i n e  is p l a y i n g  the role of an a u t o m a t e d  
t h e o r e m  p r o v e r  w h i c h  g e n e r a t e s  the ne w  c l a u s e s  and then 
i n v o k e s  the s u b s u m p t i o n  r o u t i n e s .
T e s t  4 is the g r o u p  t h e o r y  p r o b l e m  G 5  d e s c r i b e d  in 
" P r o b l e m s  and E x p e r i m e n t s  for and w i t h  A u t o m a t e d  T h e o r e m -  
P r o v i n g  P r o g r a m s "  [283 by M c C h a r e n ,  O v e r b e e k ,  a n d  W o s . All 
a x i o m s  and the denial of the t h e o r e m  are s t a t e d  in 1283 
a l o n g  w i t h  s t a t i s t i c s  f r o m  an e x e c u t i o n  of their t h e o r e m  
p r o v e r  d o c u m e n t i n g  the n u m b e r  of c l a u s e s  g e n e r a t e d ,  n u m b e r  
kept, etc.
For this test, the t i m i n g s  w e r e  t a k e n  i m m e d i a t e l y  
b e f o r e  and a f t e r  the large loop in the m a i n l i n e  w h i c h  r e a d s  
in n e w  c l a u s e s  and i n v o ke s the s u b s u m p t i o n  r o u t i n e s  ( l i n e s  
256 an d  3113- T h is time is the e n t i r e  time to s o l v e  the 
p r o b l e m  for all g e n e r a t e d  c l a u s e s .
In all e x e c u t i o n s  of this test, 30 c l a u s e s  w e r e
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s u b s u m e d .  In the ca se s w h e r e  f o r w a r d  and b a c k w a r d  w e r e  run 
s e q u e n t i a l l y ,  30 c l a u s e s  w e r e  f o r w a r d  s u b s u m e d .  H o w e v e r ,  
in t h o s e  c a s e s  w h e r e  f o r w a r d  and b a c k w a r d  w e r e  run in 
p a r a l l e l ,  10 c l a u s e s  w e r e  f o r w a r d  s u b s u m e d ,  and 20 w e r e  
b a c k w a r d  s u b s u m e d .
N o t e  f r o m  F i g u r e  10 that five e x e c u t i o n s  are 
r e p r e s e n t e d :  a u n i p r o c e s s o r  run, a run w i t h  f o r w a r d  and 
b a c k w a r d  in p a r a l l e l ,  and runs w i t h  v a r i o u s  n u m b e r s  of fwds 
and b w d  s .
It is i n t e r e s t i n g  to n o te that for this p r o b l e m ,  the 
p a r a l l e l i s m  a c t u a l l y  s l o w e d  the runs down. T h is fact is 
p a r t i a l l y  du e  to the a d d i t i o n a l  o v e r h e a d  e n c o u n t e r e d  in 
t e l l i n g  p a r a l l e l  r o u t i n e s  that th er e is no w o r k  for t h e m  to 
do. For e x a m p l e ,  in Test 1 it wa s  d e m o n s t r a t e d  that if 
there are s e v e r a l  c a n d i d a t e  c l a u s e s  to s u b s u m e  a ne w  
c l a u s e ,  then m u l t i p l e  fwds sp ee d the p r o c e s s  up. H e r e  
h o w e v e r ,  it can be seen that in c a s e s  w h e r e  there is o n l y  a 
small n u m b e r  of c a n d i d a t e  c l a u s e s ,  m u l t i p l e  p a r a l l e l  
p r o c e s s e s  m a y  a c t u a l l y  s l o w  the s u b s u m p t i o n  d o w n  b e c a u s e  
time m u s t  be spent i n f o r m i n g  the p a r a l l e l  p r o c e s s e s  that 
t h e r e  is no w o r k  for th e m  to do.
In the c a s e s  w h e r e  f o r w a r d  and b a c k w a r d  w e r e  run in 
p a r a l l e l ,  s y n c h r o n  i zt i on o v e r h e a d  wa s  e n c o u n t e r e d ,  and yet 
there w e r e  no a d d i t i o n a l  c l a u s e s  s u b s u m e d  to c o m p e n s a t e  as 
th er e w e r e  in Test 3.
Test 4 c o u l d  be used to s u p p o r t  an a r g u m e n t  a g a i n s t  
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Test 5 w o u l d  not s u p p o r t  such an a r g u m e n t  h o w e v e r ,  as m a y  
be se e n  in the s u b s e q u e n t  p a r a g r a p h s .
T e s t  5 is the ' M i s s i o n a r i e s  and C a n n i b a l s '  p r o b l e m  
p r e s e n t e d  in A u t o m a t e d  R e a s o n  i na I n t r o d u c t i o n  a D-d 
A d o I i c a t i o n s  [ 2 ]  by W o s ,  O v e r b e e k ,  Lusk, and B o y l e .  All 
a x i o m s  are s t a t e d  in 121 i n c l u d i n g  four c l a u s e s  c r e a t e d  
just for s u b s u m p t i o n  p u r p o s e s ;  they e n a b l e  an a u t o m a t e d  
t h e o r e m  p r o v e r  to s u b s u m e  g e n e r a t e d  c l a u s e s  w h i c h  r e p r e s e n t  
trips that r e s u l t  in d i s t r e s s  to the m i s s i o n a r i e s .
For this test, the t i m i n g s  are the s a me as for T e st 4. 
In all e x e c u t i o n s  of this test. 8 c l a u s e s  are f o r w a r d  
s u b s u m e d .  No b a c k w a r d  s u b s u m p t i o n  o c c u r s .
N o t e  f r o m  F i g u r e  11 that s e v e n  e x e c u t i o n s  are 
r e p r e s e n t e d :  a u n i p r o c e s s o r  run, a run w i t h  f o r w a r d  and 
b a c k w a r d  in p a r a l l e l ,  and seve ra l runs w i t h  v a r i o u s  n u m b e r s  
o f fwd s and b w d s .
Th e  run w i t h  f o r w a r d  and b a c k w a r d  in p a r a l l e l  and no 
fwds or bwds did the best in terms of r u n - t i m e .  This is 
b e c a u s e  t h e r e  w e r e  s e v e ra l new c l a u s e s  g e n e r a t e d  but for 
w h i c h  no s u b s u m p t i o n  at all o c c u r r e d .  For th o s e  c l a u s e s ,  
the s e q u e n t i a l  e x e c u t i o n  had to run f o r w a r d  f o l l o w e d  by 
b a c k w a r d  just to d i s c o v e r  that no s u b s u m p t i o n  o c c u r r e d .  In 
the ca s e  w h e r e  f o r w a r d  and b a c k w a r d  w e r e  d o ne in p a r a l l e l  
h o w e v e r ,  the fact that no b a c k w a r d  s u b s u m p t i o n  o c c u r r e d  wa s  
d i s c o v e r e d  at a p p r o x i m a t e l y  the s a me time as the fact that 
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o f  mu 
‘ c a n d
T h i s  test, like Test 4, did not b e n e f i t  
I t i p l e  fwds and bwds b e c a u s e  th er e w e r e  
i date' c l a u s e s  a s s o c i a t e d  w i t h  ea c h  n e w
f r o m  the u 3 e 
not s e v e r a l  
c l a u s e .
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IV. C O N C L U S I O N S  AN D  S U G G E S T I O N S  FO R  F U T U R E  R E S E A R C H
T e s t s  1, 2, and 5 s u p p o r t  the fact that s u b s t a n t i a l
s p e e d - u p s  are r e a l i z a b l e  t h r o u g h  the use of p a r a l l e l i s m  in 
a s u b s u m p t i o n  p r o g r a m .  T e s t s  3 an d  4 d e m o n s t r a t e  that m o r e  
r e s e a r c h  is n e e d e d  to learn w h e n  the use of that p a r a l l e l i s m  
is w a r r a n t e d  for a g i v e n  p r o b l e m .
For p r o b l e m s  w h e r e  v e r y  little, if any, s u b s u m p t i o n  is 
e x p e c t e d  to o c c u r  it w o u l d  s e e m  n a t u r a l  to ha v e  f o r w a r d  and 
b a c k w a r d  s u b s u m p t i o n  r u n n i n g  in p a r a l l e l  b e c a u s e  th os e 
c a s e s  w o u l d  r e q u i r e  b o t h  r o u t i n e s  to be i n v o k e d  d u r i n g  
e x a m i n a t i o n  of m o s t  of the ne w  c l a u s e s .
For p r o b l e m s  w h e r e  the new c l a u s e s  tend to c l a s h  w i t h  
s e v e r a l  old o n e s ,  it w o u l d  be best to use s e v e r a l  fwds and 
bwds. S o m e t i m e s  this case w o u l d  be r e l a t i v e l y  e a s y  to spot 
by s i m p l y  l o o k i n g  at the o r i g i n a l  set of c l a u s e s .  If they 
ha v e  w i d e l y  v a r y i n g  p r e d i c a t e s  in the i n d i v i d u a l  c l a u s e s ,  
then such p a r a l l e l i s m  w o u l d  p r o b a b l y  not be w a r r a n t e d .  On 
the o t h e r  ha n d ,  if s e ve ra l c l a u s e s  h a ve the s a me p r e d i c a t e s  
and a r g u m e n t s  in s o me of their l i t e r a l s ,  then s u c h  
p a r a l l e l i s m  m i g h t  p r o v e  u s e f u l .
It w o u l d  s e e m  that the f u t u r e  r e s e a r c h  to d e t e r m i n e  
w h e n  to use a p a r t i c u l a r  f o r m  of p a r a l l e l i s m  s h o u l d  f o l l o w  
th re e steps.
F i r s t ,  s e v e r a l  runs s h o u l d  be m a d e  of d i f f e r e n t  
p r o b l e m s  f r o m  w i d e l y  v a r y i n g  c l a s s e s .  T h i s  s h o u l d  h e l p  to 
b u i l d  so m e  i n t u i t i o n  as to w h e n  e a c h  f o r m  of p a r a l l e l i s m  
w o u l d  p r o v e  m o s t  u s e f u l .  S e c o n d ,  an a t t e m p t  s h o u l d  be m a d e
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to m o v e  f r o m  the i n t u i t i v e  level to a p o i n t  w h e r e  the 
g a i n e d  u n d e r s t a n d i n g  can be d e s c r i b e d  to o t h e r s .  F i n a l l y ,  
the d e s c r i p t i v e  level s h o u l d  be i n c o r p o r a t e d  into the 
p r o g r a m ,  i.e. the p r o g r a m  s h o u l d  be a b l e  to d e c i d e  w h e n  to 
e m p l o y  a p a r t i c u l a r  f o r m  of p a r a l l e l i s m .
N o t e  that th es e s u g g e s t i o n s  of ho w  to a p p r o a c h  the use 
of p a r a l l e l i s m  in s u b s u m p t i o n  do not d i f f e r  v e ry m u c h  f r o m  
the w a y  in w h i c h  o t h e r  t h e o r e m  p r o v i n g  p a r a m e t e r s  are 
a p p r o a c h e d .  P o w e r f u l  t h e o r e m  p r o v e r s  s u c h  as ITP ha v e  a 
w i d e  r a n g e  of v a r i a b l e s  w h i c h  m a y  be a l t e r e d  by the user.
For e x a m p l e ,  they o f t e n  i n c l u d e  o p t i o n s  of w h e t h e r  
s u b s u m p t i o n  is to be used at all or not, w h e t h e r  short 
c l a u s e s  can s u b s u m e  long ones, ho w  to w e i g h t  c l a u s e s  to 
d e t e r m i n e  w h i c h  to c h o o s e  next f r o m  the set of s u p p o r t ,  etc. 
The w r o n g  c h o i c e  on some of these o p t i o n s  can o f t e n  
d r a s t i c a l l y  a f f e c t  the time to a p r o o f ,  a n d  in s o me c a s e s  
can e v e n  p r o h i b i t  a pr oo f f r o m  b e i n g  found.
In a d d i t i o n  to the f u r t h e r  r e s e a r c h  d e s c r i b e d  ab o v e ,  
m o r e  r e s e a r c h  is a l s o  n e e d e d  to d e t e r m i n e  a d d i t i o n a l  a r e a s  
w i t h i n  s u b s u m p t i o n  w h e r e  p a r a l l e l i s m  m a y  be e x p l o i t e d .  
S e v e r a l  a r e a s  s e e m  q u i t e  p r o m i s i n g .
T h e  fi rs t p r o m i s i n g  a r e a  to e x p l o i t  n e w  p a r a l l e l i s m  is 
in the s e l e c t i o n  of c a n d i d a t e  c l a u s e s .  At p r e s e n t ,  the 
p r o g r a m  can c h e c k  m u l t i p l e  c a n d i d a t e s  for s u b s u m p t i o n  a f t e r  
the c a n d i d a t e s  h a v e  b e en c h o s e n ,  but the p r o c e s s  of 
c h o o s i n g  the c a n d i d a t e s  is still s e q u e n t i a l .  R e c a l l  that 
O v e r b e e k ’s 1261 m e t h o d  of s e l e c t i n g  c a n d i d a t e s  ( o n l y
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c l a u s e s  that c o n t a i n  a literal w h i c h  c l a s h e s  w i t h  a literal 
in the ne w  c l a u s e )  is used in the p r o g r a m .  The a d d i t i o n  of 
p a r a l l e l i s m  w o u l d  e i t h e r  h a v e  to be t a i l o r e d  to w o r k  w i t h  
that m e t h o d ,  or an a l t e r n a t i v e  m e t h o d  c o u l d  be d e v e l o p e d .
T w o  ideas co m e  to m i n d  to d e v e l o p  p a r a l l e l i s m  in the 
s e l e c t i o n  of c a n d i d a t e s .
F i r s t ,  m u l t i p l e  l i t e r a l s  in the n e w  c l a u s e  c o u l d  be 
e x a m i n e d  to d e t e r m i n e  if th e r e  are any l i t e r a l s  in the d a t a  
s t r u c t u r e s  w h i c h  c l a s h  w i t h  them. T h is w o u l d  i n v o l v e  
c h a n g e s  to p r o c e d u r e s  f o r s u b s u m  and b a c k s u b s u m .
S e c o n d ,  for e a c h  literal in a n e w  c l a u s e ,  m u l t i p l e  old 
l i t e r a l s  c o u l d  be e x a m i n e d  in p a r a l l e l  to see if they c l a s h  
w i t h  the n e w  one. This w o u l d  i n v o l v e  c h a n g e s  to p r o c e d u r e  
g e t c I a s h l  i ts . The ne w  p a r a l l e l i s m  w o u l d  p r o b a b l y  p r o v e  
us ef ul in c l a u s e  s p a c e s  w h e r e  s e ve ra l c l a u s e s  h a v e  l i t e r a l s  
w i t h  the s a m e  p r e d i c a t e s .
A n o t h e r  p r o m i s i n g  area to e x p l o i t  n e w  p a r a l l e l i s m  is 
in the s u b s u m  p r o c e d u r e  w h i c h  is i n v o k e d  by b o t h  f o r w a r d  
and b a c k w a r d  s u b s u m p t i o n .  This r o u t i n e  e x a m i n e s  a pair of 
c l a u s e s  to see if the first s u b s u m e s  the s e c o n d .  For e a c h  
literal in the ' s u b s u m i n g ’ c l a u s e ,  it m i g h t  p r o v e  u s e f u l  to 
c h e c k  it a g a i n s t  e v e r y  literal in the ' s u b s u m e d ’ c l a u s e  
s i m u l t a n e o u s l y .  Of c o u r s e ,  this w o u l d  o n l y  be us ef ul for 
large c l a u s e s ,  i.e. c l a u s e s  w i t h  s e v e r a l  l i t e r a l s .
B e y o n d  the n e w  p a r a l l e l i s m  ideas m e n t i o n e d  a b o v e ,  it 
m i g h t  p r o v e  i n t e r e s t i n g  to e x p e r i m e n t  w i t h  m a k i n g  l a r g e r  
c h a n g e s  to the a l g o r i t h m .  For e x a m p l e ,  f o r w a r d  and
86
b a c k w a r d  s u b s u m p t i o n  m i g h t  be c o m b i n e d  into a s i n g l e  
r o u t i n e  c a l l e d  s u b s u m p t i o n .  Then, w h e n  the p r o c e d u r e  
g e t c l a s h l i t s  is invo ke d, it w o u l d  re t u r n  not just a list 
of l i t e r a l s  that are u n i f i a b l e  in a s i n g l e  d i r e c t i o n ,  but a 
list of all l i t e r a l s  u n i f i a b l e  in e i t h e r  d i r e c t i o n .  Then, 
as s u g g e s t e d  ab o v e ,  m u l t i p l e  c l a u s e s  c o n t a i n i n g  the 
c l a s h a b l e  l i t e r a l s  c o u l d  be tried at once. The s u b s u m  
p r o c e d u r e  w o u l d  need to be c h a n g e d  to d e t e r m i n e  not o n l y  if 
c l a u s e  X s u b s u m e s  c l a u s e  Y, but a l s o  to d e t e r m i n e  if c l a u s e  
Y s u b s u m e s  c l a u s e  X ( r u n n i n g  f o r w a r d  and b a c k w a r d  in 
p a r a l l e l  c o u l d  then be p e r f o r m e d  at this level). Also, 
s u b s u m  c o u l d  be co d e d  so that it w o u l d  o n l y  try one of the 
two d i r e c t i o n s  if b a c k w a r d  s u b s u m p t i o n  had p r e v i o u s l y  
o c c u r r e d ,  v e r y  s i m i l a r  to the wa y  th in gs are do n e  in the 
c u r r e n t  a l g o r i t  h m .
A n o t h e r  r e s e a r c h  idea is to m a k e  a I I p r o b l e m s  that can 
be d o n e  in p a r a l l e l  part of a pool, and to m a k e  the s p a w n e d  
p r o c e s s e s  i n t e l l i g e n t  e n o u g h  to a c c e p t  any type of p r o b l e m  
to w o r k  on. Th i s  is p e r h a p s  the m o s t  e l e g a n t  a p p r o a c h  for 
a final v e r s i o n  of the a l g o r i t h m ,  but w h e n  still in the 
e x p e r i m e n t a l  s t a g e  it tends to add u n n e c e s s a r y  c o m p l e x i t y  
in c o n t r o l l i n g  the nu m b e r  of p r o c e s s e s  that are d e v o t e d  to 
a p a r t i c u l a r  p r o b l e m  type.
Of c o u r s e ,  a r e a s  of a u t o m a t e d  t h e o r e m  p r o v i n g  o t h e r  
than s u b s u m p t i o n  are w i d e  o p en for r e s e a r c h  w h e n  c o m b i n e d  
w i t h  m u l t i p r o c e s s i n g .  O v e r b e e k  and Lusk [32) s u g g e s t  
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♦ i n c l u d e  < s t d i o . h > 
♦ i n c l u d e  < c t y p e . h >  
♦  d e f  i ne DEBUG y
♦ def ine NIL -9
♦ def ine STDERR 2
♦ def i ne MAXO LD IT EM S 750 
♦define MAXN EW IT EM S 100
♦ def i ne TOKENSIZE 2 
♦define SUBSIZE 100
♦ def ine LITSIZE 300 
♦define MAXL IT PE RC LS 20
♦ def ine MAXCLAUSES 50
♦ def ine MAXLITS 100
♦ def ine MAXLITTOCLS 50
♦ def i ne MAXFPATOLIT 50
♦ define FPASPERHASHV 50 
♦define FPAMODVAL 15
s t r u c t  i t  ems {
c h a r  t y p e ;  
c h a r  p r e d _ s i g n ;  
c h a r  i d [ T O K E N S I  ZE ] ;
i n t  l i t l i s t e n t r y ;  / *  f o r a p r e d ,  p t s  to 
i n t l e f t ;  
i n t  r i g h t ;
J ;
s t r u c t  c l a u s e s  t
c h a r  d e l i n d ;
int I i t p t r C M A X L I T P E R C L S ] ; /* ptr into
int nex t c I s ;
1 ;
s t r u c t  l i t l i s t s  f
I i t l  i s t e n t r y * /
i tems  * /





































int c l s p  t r [MAXLITTOCLS1;
) ;
s t r uc t  f p a l i s t s  I
char predlTOKENS I ZE+21; 
char ar g[TOKENS I Z E + 115 
int argnum;
int I i t l i s t p t r t M A X F P A T O L I T l ;  / * p t r  into l i t l i s t * /
} ;
s t ruc t  s u b s t i t u t i o n  (
char v a r [TOKENS IZE 1 ;
int termptr;  / * p t r  to subst  term in i tems*/
)!
int new_l i t ,  0 I d_prev_pred_ i n , new_prev_pred_in, debug, nl ,  o1, 
nxt_newi tem[11, nxt_o I d i t e mt 11, new_fpa[FPAMODVAL+11, 
nummacprocs, fwd_bwd_para I I e I , numfwdsub, numbwdsub, 
numfwdprocs, numbwdprocs, f sub,  bsub, c l k1,  c l k2,  tot_t ime;  
char fwd_occurred, bwd_occurred, pgmdone; 
char t ok en t TOKENS IZE J ,
10 k en_type, 
p r ev_c I ause , 
cur r _ c I a u s e , 
p r ev_t ok en , 
p r ed_s i gn i
s t ruc t  items newitem [MAXNEWITEMS1; 
s t ruc t  items o l d i t em [MAXOLDITEMS]» 
s t ruc t  c l auses  o l dc l au se  [MAXCLAUSES1; 
s t r uc t  c l auses  newclause [11;  
s t r uc t  l i t l i s t s  l i t l i s t  [MAXLITS! ;
s t ruc t  f p a l i s t s  f p a l i s t  [ FPASPERHASHV * FPAMODVAL1s
/ xxx * * *  moni tor  d e c l a r a t i o n s  * * * * * * * * * * * /  








































BARDECC f 1) 
BARDECC f 2) 
LOCKDEC(3)
/xxxxxxx macro d e f i n i t i o n s  xxxxxxxxx/  
def i ne( F W D G E T P R O B ,
' i f  ( f sub > -1)  
l
if (Ii t 1 i s t[f cI ash Ii 1 1 .clsptrlfsub) != NIL) 
{
* 1 = fSUb;
f s ub + + ;
$2 = 0;
def i ne( FWDRESET,
•fsub = - 1 ; '
)
def i ne( FWDPROBST,
'MENTERC f s ,0) 
fsub = 0 ;
CONT I NUE C f s , 0,0)  
ME X I T ( f s ,0 ) ’
def ine(BWDGET P R O S ,
‘ i f  C b s u b  > -  1 ) 
t









































$1 = bsub ; 
b s ub + + ;
$ 2 = 0 ;
def i ne( 8WDRESET ,
‘bsub = - 1 s '
)
def i ne( BWDPROBST,
‘MENTERfbs,0) 
bsub = 0;
CONTINUE( b s ,0,0 ) 
MEXITCbs.O)  ’
)
ma i n ( )
(
/ * * * * * *  decl are p a r a l l e l  processes  * * * * * * * * /
NEWPROC( fwds I v)
NEWPROCC bwdsIw)
NEWPROC( forwardproc)
int n x t l i t ,  pr t i nd,  rc, i , I i t_s t a r t ,  master,
newc l sc t r ,  numnewcises, reuse_newc I s_ i nd;
/ * * * * * *  i n i t i a l i z e  moni tor s  and a s s oc i a t ed  v a r i a b l e s  * * * * * * /
A I N I TC f a )
A I N I TCbs )
BAR INIT Cf 1 )
BAR I N I T ( f 2)
LOCK I N I T (3) (O





































bsub = - 1 ; 
master = 0; 
p gmdone = ’n '; 
numfwdsub = 0; 
numbwdsub = 0;
nx t_ olditem[03 = -Is 
new_l it = 0;
for C i = 0 ; i < F PAMODVAL +1; i+ + ) 1
n ew_f pa t i] = i * FPASPERHASHVs
)
t oken_t ype = ’ ; ' ;
o I dc I a u s e l 0 1 . I i t p t r [01 = NIL; /*1st els currently has 0 I
0 I dc I a u s e t 0 1 . nextcIs = NIL; 
o I d c I a u s e [0 ] . de I ind = * — ’ ;
p r e v_cI a u s e = - 1 ; 
curr_clause = 0; 
o I d_ pr ev _p re d_i n = -1;
1 = 0;
prin tf (" \n \n Sub s ump tion beginning\n\n");
scant ("Sd", inumnewcI s e a ) ; 
scanf ("%d", & n u m f w d p r o c s ); 
scant ("Sd", & n u m b w d p r o c s );
p r i n t f C "numnewe Ises = Sd numfwdprocs = Sd numbwdprocs = 
n u m n e w c I s e s ,numfwdp r o c s ,n u m b w d p r o c s ); 
debug = getchar (); /* skip linefeed in the input stream
debug = getchar (); 
prtind = getchar ( ) ; 
reuse_newe Is_ind = getchar (); 
fwd_bwd_para IIeI = getchar ();
p r i n t f ( "debug = %c prtind = Sc \n", debug, prtind); 
p r i n t f (" reuse_newe Is_ind = Sc fwd_bwd_para I IeI = Sc \n", 
reus e_n ewe Is_ i n d , f w d _b wd _p a r a II e I );
its*/








































for ( ; ; ) l
1 i t_s tart = n x t _ o I d i t e m l 0]; /*save place new lit starts*/
nxtlit = buildliteral (oldclause, olditem, nx t__o I d i t em) ;
if C n x t_oId i t e m l 0] > MAXO LD IT EM S)
error ("main", "n x t _ o I d i t e m t 0]", "MAXOLDITEMS"); 
i f (nxt lit == '?') 
break;
o I d c I a u s e (c u r r _ c I a u s e ) . I i t p t r ( i) = nxtlit; 
i ++ ;
i f C i > MAXLIT PE RC LS )
error ("main", " i", " M A X L I T P E R C L S " ); 
if (nxtlit == NIL) /* end of a clause */ 
l
i = 0;
if (p r e v_cI a u s e != - 1)
o I d c I a u s e (p r e v _ c I a u s e 1.nextcIs = curr_clause; 
prev_c!ause = curr_clause; 
curr_clause++;
if (curr_clause > MAXCLAUSES)
error ("main", " c u r r _ c I a u s e " , "MAXCLAUSES"); 
ol dc la us e ( c u r r _ c l a u s e ] . l i t p t r [ 0 )  = NIL; 
o I d c I a u s e I c u r r _ c I a u s e ].nextcIs = NIL; 




rc = litexistchk (olditem, nxtlit); /*lit already in olditem? */ 
if (rc == NIL) /* lit did not previously exist */ 
l
if (old_ pr ev _p re d_i n != -1)
o I d i t e m l o I d _ p r e v _ p r e d _ i n ).right = nxtlit; 
oId_prev _p re d_i n = nxtlit;
rc = addtolitlist (nxtlit, curr_clause, ’n ’ /*new*/);
oldi temlnxtI it! . I itl istentry = rc; /*build pred to litlist ptr*/
1







































n x t _ o t d i t e m l 03 = I i  t_s t a r t ;  / *  r emove this new c o p y  f r o m i t e m * /
o I d c I a u s e [c u r r _ c I a u s e ] . I i t p t r [ i- 11 = rci /* p t els to oIdI it*/ 
rc = addtolitlist (rc, curr_clause, ' o ’ /* oId */ ) *
if (prtind == * y ' )
(
pr in tf (" \n \n the old clauses are \n");
p r t c I s e s (o I d c I a u s e ,o I d i t e m , 0 . M A X C L A U S E S ) ; /* print old clauses */
)
buildfpalist (olditem, 0)i
/«**«*** create the slave processes 
if ( fwd_bwd_para I IeI == ’y ’) 
t
nummacprocs = 2:
pr intfC'creat ing forwardproc\n") s 
CREATE (f or wa rdp ro c)
)
else
n umma c p r o c s = 1 ;
for ( i = 1 ; i < numfwdprocsi i* + ) ( 
C R E A T E ( f w d s I v )
)







































/* process the new clauses */
C L O C K (cIk 1 ) ;
for (newclsctr = 0; newclsctr < numnewclses; newclsctr++) {
if ( reuse_newe Is_ind == 'n' i! newclsctr == 0) 
f
n x t_n ew i t e m l 0] = - 1; 
token_type = ’ ; ’ ; 
n e w c I a u s e l 0 1 . I itptrl0 ] = NIL; 
n e w c I a u s e l 0 ] . nextcIs = NIL; 
n e w c I a u s e C 0 1 . deIind = ’ 
new_prev _p re d_i n = -1; 
i = 0; 
for C ; ; ) l
nxtlit = buildliteral Cnewclause, newitem, nxt_newitern); 
if Cnxt_newitemlOl > MAXNEWITEMS)
error ("main", "n x t _ n e w i t e m l 0]", " M A X N E W I T E M S " ); 
i f (nxt lit == •?' )
break; /* out of inner for loop */ 
newe Ia us e1 0 ] . I itptr ( i 1 = nxtlit; 
if (nxtlit == NIL && t oken_t ype == ’ ;*) 
break; 
i + ♦ ;
newe I a u s e l 01. I itptr l i ] = NIL;
if (nxtlit != NIL &A ne w_ prev_pred_in != -1) 
n e w i t e m l n e w _ p r e v _ p r e d _ i n 1.right = nxtlit;
new_prev_pre d_in = nxtlit;
} /* end for */ 
if (nxtlit == ’? ’)
break; /* from outer for loop */ 
if (prtind = = ’ y ’ )
(
printf("\n\nNext new clause is.- \ n " ) ;
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PR OGE ND ( b s )
r t t u f n  (0 ) i 
1 / *  end mai n * /
/ * P f o r w« r dp r oC * /
f orwa r dp r oc ( ) 
l
f o r s u b s u m ( ) t 
n t u r n  ( 0 ) i
I / *  end f o r « i r d p r o c  «/
/« P f w d s l v  * /
f wd s l v  ( )
f
• n » s l a v e  : ti  
fwd ( s i • ve ) i 
return (0 ) i 
1 / *  end f wds l v  «/
/• Pbwd s i v  * /
bwds i v  M  
I







































b wd  ( s l a v e ) ;
return CO);
3 / *  e n d  b w d s I v  * /
/ *  P i n t e g r a t e c I a u s e  * /  
i n t e g r a t e c l a u s e  ( )
1
i n t  i ,  n l i t ,  o l i t ,  r c ,  I i  t _s t a r t ,  c I s _ s t a r t ;
i = 0 ;
c l s _ s t a r t  = n x t _ o I d i t e m l 01  + 1 ;
f o r  ( n l i t  = 0 ; n l i t  ! =  N I L ;  n l i t  = n e w i t e m l n I  i t  1 . r i g h t  ) 1
I i  t _s t a r t  = n x t _ o I d i t e m l 03  + 1 ; / * s a v e  p l a c e  w h e r e  n e w  l i t  w i l l  s t a r t  * /
o l i t  = c o p y t e r m  ( n e w i t e m ,  n l i t ,  o l d i t e m ,  I i t _s t a r t ,  ’ I ' ,  M A X O L D I T E M S ) ;
nx  t _ o I d  i t e m l 0 3 = o l i t ;
o I d c I a u s e l c u r r _ c I a u s e 1 . I i t p t r  l i 3 = I i t _s t a r t ;
i ♦ ♦ ;
i f C i > M A X L I T P E R C L S )
e r r o r  ( " i n t e g r a t e c l a u s e " ,  " i " ,  " M A X L I T P E R C L S " ) ;  
o l d c l a u s e l c u r r _c l a u s e ] . I i t p t r t  i 3 = N I L ;
r c  = l i t e x i s t c h k  ( o l d i t e m ,  l i t  s t a r t ) ;  / *  I i t a l r e a d y  i n  o l d i t e m ?  *  /
i f  ( r c  == N I L )  / *  l i t  d i d  n o t  p r e v i o u s l y  e x i s t  * /  
l
i f  ( o I d _ p r e v _ p r e d _ i n  ! =  - 1 )
o I d i t e m t o I d _ p r e v _ p r e d _ i n 3 . r i g h t  = I i t _s t a r t ;
o I d _ p r e v _ p r e d _ i n  = I i t _s t a r t ;
r c  = a d d t o l i t l i s t  ( l i t _a t a r t .  c u r r _ c l a u s e ,  ' n *  / * n e w * / ) ;
o l d i  t e m t l  i t  s t a r t )  . I i t I  i s t e n t r y  = r c ;  /  *  b u i I d  p r e d  t o  l i t l i s t  p t r * /
3




































4 3  1
4 3 2
n x t _ o l d i  t e m l 01 - 1 I t _s t a r  t : / *  r e mo v e  t h i s  ne w c o p y  f r o m  i
o I d c I a u s e ( c u r r _ c I  a u s e ) M t p t r ( i -  1]  = r c i  / *  p t e l s  t o  o l d l i  
r c  s a d d t o l i t l i s t  ( r c ,  c u r r _ c l * u s e .  ' o ’ /  *  o I d *  /  ) ;
)
1
b u i l d f p a l i s t  ( o l d i t e m .  c l s _ s t a r t ) :
i f  ( p r e v _ c t a u s e  1 - - 1 )
o I d c I  a u s e ( p r e v _ c I  a u s e 1 n e x t c l s  = c u r r _ c l a u s e ;  
p r e v _ c l a u s e  - c u r  r _ c l a u » e i  
c u r r _ c l a u s e * * i
o l d c l a u s e ( c u r r _ c l a u s e l l i t p t r ( 0 1  = N I L :  
o I dc I l u s i t  c u r  r _ c I  l u s t  I n e x t c l s  = N I L :  
o l d c I i u s i I c u r  r _ c I i u s i 1 d e l t n d  =
I
return (01:
) / *  e n d  i n t e g r a t e c l a u s e  * /
/ « Pb U 1 i d I 1 t e r a i «  /
b u i i d 1 i t e r a 1 ( c l a u s e .  i t e m
s t l• u c t c l a u s * $ c l a u s e ( ) :
s t i■ u c « i t ems i t e m ! 1 s
t n i1 n X t i t eml  I •
I
i n f  r c ,  r u r r i f e m :
r c r g * t 0 x a n C ) :
i f ( r C ■ : 1 - 1
r e t u r n (
i f (
(
f 0 fc e n t v p e - *
r r : 9 e t o K e n (
n x t i t e m )
! o k e n _  t y p e
I
’ C ' )







































switch (token_type) l 
case ' i’ : 
case ’ ) *
rc = NIL; /* null */ 
break; 
case ' p ' 
case ' f *
buiIditem(itern, nxtitem); / * build a predicate or function */ 
curr_item = nxtitemtOl;
itemlcurr_iteml.Ieft = bui IdIitera ICcIause, item, nxtitem); 
if ( itemlcurr_iteml.type == ’p ’) 
itemlcurr_iteml.right = NIL; 
else
itemlcurr_item).right = buiIdIitera I(cI a u s e , item, nxtitem); 
rc = curr_item; 
break; 
case ’ c ’ 
case ' v '
buiIditemCitem, nxtitem); /* build a constant or variable */ 
curr_item = nxtitemlOI;
itemlcurr_iteml.right = bui I d I itera I (c I a u s e , item, nxtitem); 
r c = c u r r_i t e m ; 
break; 
default
printf("\n invalid token_type returned *1* "); 
rc = EOF; 
break ;
1 7* end switch * / 
return ( r c ) ;
1 /* end buildliteral */
/ * Pbuilditem * /
buiIditemlitem, nxtitem) /* build tree with root = next term in input * /  
struct it ems i t e m l 1; 








































nxt i t e m l 01++ ;
i t e m l n x t i t e m t 0 ] 1 . type = token_type; 
i t e m l n x t i t e m l 0 ] ] . pred_sign = pred_sign; 
i t e m l n x t i t e m l 0 1 ) . id 10] = tokentOl; 
i t e m l n x t i t e m l 0 ] ] . id 11] = t o k e n ! 11; 
itemtnxtitemtO]].I itlistentry = NIL; /*null */ 
i t e m l n x t i t e m l 0 ] ] . Ieft = NIL; /*null */ 
i t e m l n x t i t e m l 0 ] ] . right = NIL; /*null */
) /* end b u il di te m */
/*Plitexistchk * / 
litexistchk (item, newlit) 




if (newlit == 0) /*very first lit created */ 
return (NIL); 
oldlit = 0;
while (oldlit != NIL) t
rc = litcompare (item, newlit, oldlit); 
if (rc == 1) /*they are equal */ 
break ;
oldlit = itemloldl it).right:
)
r e t u r n  ( o l d l i t ) ;
) /* e n d  l i t e x i s t c h k  * /
/ *  P I  i t c o m p a  re * /








































struct it ems i t e m t ] s 
int newlit, oldlit;
f
int rc, nright, oright, nleft, oleft; 
r c = 1 ;
nright = itern!newlit].r i g h t ; 
oright = item[oldlit].right; 
nleft = itemtnewl it ] . I e f t ; 
oleft = item[oldlit).left;
if (item(new lit).id(0] != item[oldlit].i d [0 3 !!
it em [ n e w l i t ] . id[1] != itemtoldlit],idt1) !!
itemtnew I i11.pred_sign != i t e m t o I d I i t ].p r e d _ s i g n ) 
return (0); /* not equal */
if (nleft != NIL && oleft != NIL) 
rc = litcompare (item, nleft, oleft);
if (rc == 1 && nright != NIL && oright != NIL && i t e m [ n e w l i t 1 . type != ’p')
rc = litcompare (item, nright, oright); 
return ( rc) ;
) /*end lit compa r e */
/* Paddtol i 11i st */
addtolitlist (litnum, clsnum, old_new) 
int litnum, clsnum; 
char old_new;
l
int i , j ;
if (old_new == ’n ’) /* new literal */
[
I i tIi s t(n e w_Ii tl.predptr = litnum;






































NIL;IitI i5 t [n e w _ l i t ].c I s p t r [ 1 ] = 
new_l i t + + ;
i f (new_I i t > MAXLITS)
error C"add to I it I ist " , "new_lit", " M A X L I T S " ); 
return (new_lit - 1);
)
/*oId literal appears in new clause */
for (i=0; I i t I i s 1 1 i ) . predptr != litnum; i++) (;) /* null stmt */
for C j = 0; I itI i s t t i ).cIsptrtj 1 != NIL; j++) (;) /* null stmt */
if ( j >= MAXLITTOCLS)
error C "add t o I i t M  s t " , " j" , "MAXL I TTOCLS ") ; 
litlist[i].clsptr[j] = clsnum; 
litlisttil.clsptrlj+11 = NIL; 
r e t u r n ( i ) ;
) /*end addtolitlist */
/* Pbuildfpalist */ 
buildfpalist (item, start_item) 
int s t a r t_i t em; 
struct it ems i t emf J :
(
int i, argptr, argent; 
struct fpalists t e m p f p a M ) ;
for ( i= s t a r t _ i t e m ; i != NIL; i = i t e m l i J .r i g h t ) {
te m p f p a l 0 1 . p r e d (01 = it e m t i ).p r e d _ s i g n ; 
t e m p f p a (01.p r e d l 1] = itemt i) . i d I O ) ; 
t e m p f p a (0).p r e d (2) = it e m t i 1 . id[11; 
tempfpat0 J .p r e d t 3 J = ’\ 0 ’ ; 
t emp fpatOl.argtO] = ’ 





































t e m p f p a C0 ] . a r g C2 1 = ’ \ 0 ' ;  
t e m p f p a t 0 1 . a r g n u m  = 0 ;
argptr = i temt i 3. l e f t ; /* pt to 1st arg for this lit */
do t
if (argptr != NIL) /* if there is another arg to handle */ 
(
tempfpalO].ar g n u m + + ;
t e m p f p a t 0 ] . a r g [01 = i t e m t a r g p t r 1. id[0 ] ; 
t e m p f p a (01.a r g [11 = i t e m C a r g p t r ] . i d C 13; 
argptr = i t e m l a r g p t r 1 . r i g h t ;
)
addtofpalist C i t e m l i ) . IitIistentry , tempfpa);
) while (argptr != NIL);
)
return (0);
) / *e n d buildfpalist * /
/* Paddtofpalist */ 
addtofpalist (newlitptr, tempfpa)
int newlitptr;
struct fpalists t e m p f p a N ;
1
int i ,  j, hashval;
hashval = hashfpa ( te mp fp aC0) . p r e d , tempfpa I 0 ] . a r g n u m ) ; 
for (i=hashval; i < n e w _ f p a [h a s h v a I ]; i++) (
if ( ( s t r e m p ( fpa I i stti ) . pred , t e mp fp al0 ) . p r e d ) == 0) &&
( s t r e m p ( f p a  I i s t I i ) . a r g , t e m p f p a l 0 ) . a r g ) == 0 )  &&
f pa I i s t [ i 1 . a r gnurn == t emp f pa [ 0 ] . a r gnurn)
(






































if ( j > = MAXFPATOLIT)
error  ( ••addt o f pa l i s t " ,  " j " ,  "MAXFPATOLIT»);  
f pa i i s 11  i ] . I it I i 8tptr  [ jJ = newl i t p t r ;  
fpa l i s t l i l . I i t l i s t p t r [ j  + 1] = NIL;  
return ( 0) ;
)
)
i =new_f palhas  hwaI 1;
s t r c p y t f p a l i s t C i l . p r e d ,  t emp f p a i O l . p r e d ) ; 
s t r c p y t f p a l  i s 11 i 1 . a r g , temp f p a t O l . a r g ) ;  
fpa I i s 1 1 i J . argnum = tempfpa( 0 ] . argnum;  
fpa I i s 1 1 i 1 . I i t I i s t p t r [0 ] = newl i t p t r ;  
fpal  i s t t i l .  I i tl i s t p t r ( 1 )  = NIL;  
new_f pa t h a s h v a l 1 ;
if (n e w _ f p a t h a s h w a l ) >= n e w _ f p a t h a s h v a I ♦11)
error ("addtofpalist", "new_fpa I h a s h v a I )", "new__fpalhashvaI♦1]");
return CO);
1 /* end a d d t o f p a l i s t  */
/ * Phashfpa * / 
hashfpa (pred, argnom) 
int argnumi 
char p r e d ( ) ;
(
return C CpredtOI  * p r e d t l l  ♦ pred(21 ♦  argnum) % FPAMODVAL): 
1 /*  end hashfpa */
/*  P p r t c l s e s  */






































int cc, / *  current  c l ause  * /  
bowmany;
s t ruc t  c l auses  c l s e s t l ;  
s t r uc t  i terns i temt1;
f
int c l ?  / * current  l i t  * /
p r i n t f ( " \ n " ) ?
/* the following for-stmt skips leading ’d e l e t e d ’ clause headers */ 
for ( ? cisestccl.delind == ’d ’? cc = clses(cc).nextcls)
(?) /*nu It stmt*/
while (cc != NIL && howmany > 0) l 
cl = 0 ?
while (clseslccl.litptrlcl) != NIL) f 
i f (cI != 0)
p r i n t f ( ” ! " ) ;
prtlit (item, clsestccJ.Iitptrtcll); 
c I ++;
)
if (cl ! = 0)
p r i n t f ( " ? \ n " ) ? 
cc = c I s e s [c c 1.n e x t c I s ;
/* the following for-stmt skips ’d e l e t e d ’ clause headers */ 
for C ; c I s e s [cc 1 . de I ind == ’d ’? cc = c I s e s [cc ] .nextc I s )
(?) /*nuI I stmt*/
h o w m a n y - - ?
) /* end prtclses */
/* Ppr t I i t */
p r t l i t U i t ,  cr) /* print selected literals */ 








































int c r_Ie f t ,
c r_r i gh ti 
cher cr_type»
cr_type = litlcrl.typej
c r_••f t = litter],leftt
cr_right = Ii t l c r ).r i g h t »
if ( I i 1 1 c r ].pred_sign == '-*)
pu t che r ( ’- *)»
p r t n t f ( " % 1 e % 1 e ” .l itter).IdtO).litter).id(1])i 
if (cr_type == ’p' :: cr_type == * f *)
p r i n t f ( " ( ” ) i 
else
putchert* ’) t
if f c r_Ie f t 1= NIL) /* not null */
prtlit (lit, cr_le f t )* /* visit left subtree */
if (c r_t ype == ’p ’ !! cr_type == *f')
p r i n t f ( H ) " ) t
if (cr_right ! = NIL it cr_type != 'p')
prtlitClit, cr_right)i /* visit right subtree */ 
return (0 ) »
I /* end prtlit */
/* PgetoKen */ 
ge t ok e n ( )
(
i n t  c :
p r e d_sig n = ’♦* ; 





































c = g e t n e x t c h a r () ; 
if t c = = ' ? ’ ) 
return ( ’?');
if (c == ’- ’ && Cprev_token == !! prev_token ==
[
pr ed_s i gn = •- * ; 
c = ge t nex t c h a r ();
)
token_type = c; 
token 101 = c ; 
token! 1 ] = ' * s 
p r ed_si gn = ’ + *; 
return (0) ;
}
if (! is aI ph a( c)) /* not alpha*/
return C 1) ; 
t oken t 0 ] = c; 
c = ge t nex t cha r(); 
if C ! isdigit(c )) /* not digit*/
r e t u r n ( 2 ] s 
t o k e n ( 1 ] = c ;
c = g e t n e x t c h a r () ; /* peek at the next char */
ungetc (c.stdin); /* and then put it back */
if Cc == ' ( ' )
C
if (p r ev_t oken = = * 
token_type = 'p' 
else




if CtokenCOl >= ' s ’ 
token_t ype = 'v '
! p r ew_t ok en = = ’ s ’)











































token_type = ' c ’ 5
r e t u r n ( 0 )  s 
) /* end getoken * /
/ *  P g e t n e x t c h a r  * /  
g e t n e x t c h a r  ( )
1
int c 5
w h i l e  ( Cc  = g e t c  ( s t d i n ) )  ==
i / *  nuI  I s tmt  * /  
return (c ) »
1 /*  end g e t n e x t c h a r  * /
/ t u m m t ; i m t  EXTERNAL DEFNS xxxxxxxxxx xx xxx xx xx xx x/
int fclashliti /* externs for fwd routines */ 
struct substitution f s u b s t (SUBS IZE ] ;
/ x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x /

















































int nlptr, nxtopndlit, IitstoclashC MAXLITS 3 s 
struct items dIi t[LITSIZE1s
fort;;) t
BARR IERtf1,nummacprocs) /* let bwd and fwd start together */
i f C pgmdone == ’ y ’) 
break; 
i = 0; 
r c = 0 ; 
master = 0;
nlptr = newcIause[n 1].Iitptr[i) ; /* pt to 1st lit in newitem */
while (rc == 0 && nlptr != NIL) l
getclashlits C'f ’.newitem,nlptr,Iitstoclash);
for ( j = 0; rc == 0 && tfclashlit = litstoclashtj)) != NIL; j + + ) f
fsubs11 01.termptr = NIL;
nxtopndlit = copyterm (oIditem,IitIis11fcI ashlit].predptr ,
dl i t ,0, ’ I • .LITSIZE) ;
r e nameva r s (dI i t , 0 ) ;
urc = unify(dIit,0,newitem,nIptr,fsubst,nxtopnd I it) ; 
if (urc == 1) /* the 2 lits unify */
{
FWDPROBST
rc = fwd (master);
) /*end if*/
) /*end for */ 
i ++ ;
nlptr = newcIause(n 1) . I itptr ( i ) ;
1 /* end while */
BARR IERtf2,nummacprocs) /* forward returns here in uniproc mode */
if (fwd_bwd_para I IeI == ’n ’) 
break ;
} /* end forever */ 
return ( r c ) ;










































int clashcis, arc, rc, k; 
struct clauses t e m p c I s M ) ;
r c = 0 ; 
for ( ; ; ) t
ASKFOR(fs,arc,numfwdprocs,FWDGETPROB( k ,a r c ) , FWDRESET) 
i f  (arc == -1 ! ( arc != 0 && who == 0))
break;
if (arc !s o ) 
continue;
clashcis = Ii11 is t(fcI ash Ii11 . cIsptrtk ); 
if (o I d c I a u s e t c I a s h c I s 1.deIind == ' d ’) 
continue;
skiplit (oldclause, clashcis, Ii11 is t[fcI ashI i11 . predptr . tempcls); 
if ( te mp cI s( 0 ] . Ii t p t r ( 0 J == NIL)
r c = 1 ; 
else
rc = s u b s u m ( t e m p c I s ,0,o I d i t e m ,0,n e w c I a u s e ,n 1,n e w i t e m ,fs u b s t ); 
if (rc == 1) /* old subsumes new */
(
P R O B E N D ( f s ,2) /* tell fwds that this problem is solved */
L O C K (1)
fwd__occur red = ’ y ’ ;
U N L O C K (1)
)
} /* end forever */






































r c = 1 ;
r e t u r n  ( r c ) »
) / *  e n d  f wd  * /
/ l i t t t t m  EXTERNAL  DEFNS  m t m m t i t t t t m t x t i t t t t t t m /
i n t  b c l a s h l i t ;  / *  e x t e r n s  f o r  bwd r o u t i n e s  * /  
s t r u c t  s u b s t i t u t i o n  b s u b s 1 1 S U B S  I Z E  1 i
/ i n t i i m t m m i i t t t x i t m m t n t t m t t i t i t t x x m x m m x t m /
/ *  P b e c K s u b s u m  * /  / * d o e s  a ne w e l s  s u b s u me  an o l d  o n e  ? * /
b a c k s u b s u m  ( )
(
int j. k. rc. urc.  masters
■ nt  n l p t r ,  c l a s h c i s .  n x t o p n d l i t ,  I i t s t o c I  a s h l M A X L I T S 1:  
s t r u c t  i t erns d I » t t L I T S I Z E  J :
r c = 0 ! 
m a s t e r  = 0s
n l p t r  = n e w c I  a u s e t n 1)  I i t p t r t 0 1 i / *  p t  t o  1 s t  l i t  i n n e w i t e m  * /  
g e t c l a s h l  i t s  ( ' b *  . n e w i t e r n . n l p t r . I t t s t o c l a s h )  s 
f o r  ( | - 0 s ( b c l a s h i i t  -  I t t s t o c  I a s h ( | ) )  ! = N I L :  ( ♦ ♦ )  I
b s u b s t t O l t e r m p t r  = N I L :
n x t o p n d l i t  - c o p y t e r m  ( n a w i t e m . n I p t r , d I  i t  . 0 . ' I ’ , L I T S I Z E ) s 
r e n a m e v a r s  ( d l i t . O ) s
u r c  - u n i f y ( d I i t . 0 . o I d i t e m , I i t I  i s t f b c I  a s h I i t I . p r e d p t r  , 
b s u b s t , n x t o p n d l i t ) :  









































rc = bwd (master); 
} /*end if*/
) /*end for * /
return ( r c ) ;
} /* end ba c k s u b s u m  */
/* Pbwd */ 
bwd (who)
i n t w h o ; 
l
int clashcis, arc, rc, k;
r c = 0 ; 
for ( ; ; ) (
A S K F O R ( b s . a r c . n u m b w d p r o c s ,B W D G E T P R O B (k ,ar c) .B WD RE SE T) 
if (arc == -1 I! (arc != 0 && who == 0))
break;
if (arc != 0) 
continue;
clashcis = I i 1 1 i s t [be I ash Ii 1 1 . c I sptr [ k 1 ; 
if ( o I d c I a u s e (c I a s h c I s ].deIind == 'd') 
continue;
if (n e w c I a u s e (n 1J .I i t p t r ( 1 ] == NIL) 
r c = 1 ; 
else
r c  = subs urn( n e w c l a u s e . n l , ne wi te m, 1, ol d c l a u s e , c l a s h c i s , o l d i t e m , b $ u b s t ) ;  
if ( r c  == 1)  /*new els subsumes an old one * /
{
P R O B E N D ( f s ,2 ) /* t e I I fwd subsump chks to stop*/







































n u m b w d s u b ++; 
bwd_occ u r r ed = ’ y ’ ; 
o I d c I a u s e [cIashc I s ] . de I ind = ’ d ’ ; 
UNLOCK C 1)
J /*end if*/
1 / *e nd forever * /
if (bwd_occurred == ’y ’)
r c = 1 ;
return ( r c ) $
1 /* end bwd */
/* Psub su m */ 
subsum (ds, dsc, dsitem, d1, rs, rsc, rsitem,
int dsc, rsc, d 1; 
struct clauses dsll, rsll; 
struct items dsitemt], rsitemtl; 
struct substitution r c v d _ s u b s t l ] i
i
int i, rc, dsptr, d2, r 1 , rsptr, nxtopndliti
struct items dI i tCLITS I ZEJ ;
s t r u c t  s u b s t i t u t i o n  s u b s 1 1 S U B S  I Z E 1 s
/* Initially, rcvd_subst is empty from main, 
the ’subsuming' clause, and rsc points to 
clause. We want to see if ds subsumes rs
*/
r 1 = 0 ;
rcvd_subs t)
dsc points to 






































dsptr = d s (dsc 1 . Ii t p t r (d 1 1 t 
r * p t r = rslrscl. I itptrlrlli 
rc = 0 i /* not subsumed */




s u b s t ( i ) v • r {0 1 = r c v d _ s u b s t ( i).v e r t 0 ] t 
s u b s t ( i I ver l 1 ) = r c v d _ s u b s t ( i).v s r t 1)» 
s u b s t t t 1.t• rmptr = r c v d _ * u b s t ( i 1.t• rmptri 
1 w h i I • (subst ti♦ ♦ 1 . 1• rmptr ! = N I L ) »  / * n u I I */ 
nxtopndlit = copyterm (dsitem, dsptr, dlit, 0, ‘ I*, LITSIZEJt 
i f  (nxtopndlit == N I L )  
r • t u r n ( 0 ) i 
r enemeve r s (dI i t , 0 ) t
rc : unify (d I i t .0.r 1 1t e m .r s p t r .s u b s t .nxtopnd I it) i /*chgs dlit end 
if (rc :: 1) /• t h •y unify «/
I
d2 = d 1 ♦ 1 »
if (ds(dsc) I i t p t r (d2 1 "  NIL) /*null*/
r c - It 
• 1 s t  
I
rc : sub sum (d s.dsc.dsit*m,d2,rs.rsc.rsit*m,subst):
I
I
r 1 ♦ ♦ :
rjplf  ̂ f j I r jc I I i t p t r (r 1 } i 
I
return ( r c ) i 
I / *  n n d  s u b s u m  *  /
/* Punify * /
subst «/
123




1 0 1 3
1 0 1 4
1 0 1 5
1 0 1 6
101?
1 0 1 8




1 0 2 3
1 0 2 4
1 0 2 5
1 0 2 6
1 0 2 7
1 0 2 8
1 0 2 9
1 0 3 0
1 0 3  1
f 0 3 2












unify (ulit, u1, rlit, r1, subst, nxtopnulit)
int u 1 , r 1 , nx topnulit; 
struct it ems uI i 1 1 1, r I i 11 1 ; 
struct substitution subst!!;
t
int i, rc, uleft, rleft, uright, rright; 
char copy_type;
nxtopnulit = substitute (ulit, u1, nxtopnulit, rlit, subst);
uleft = ulittull.left;
uright = u I i 11 u 1 1 . right;
rleft = r I i t! r 1 1 . I ef t ;
rright = rlittrll.right;
if Cul i ttull.pred_sign == rli tlrll.pred_sign &&
ul i t l u U  . i d ! 0 1 == rlittrll. id!0] 44
uI i t t ul 1 . i dl 1 1 == rlittrll. i dt 1 1) 
l
if (uleft == NIL 46 uright == NIL) /* both null */
(
if (rleft == NIL 44 (rright == NIL t t rlittrll.type == ’p')) 
return (1); /* they unify */
I
if (uleft !- NIL 44 rleft != NIL) / * n u 1 I * /
(
rc = unify (ulit. uleft. rlit, rleft, subst, nxtopnulit); 
if ( r c = = 0 ) 
return (0 ) ;
I
else
if ((uleft == NIL 44 rleft != NIL) '• ! /* one null and */
(uleft •= NIL 44 rleft == NIL)) /* not the other */
(
r e t u r n  ( 0  1 ; 124
1 0 4 5
1 0 4 6
1 0 4 7
1 0 4 8
1 0 4 9
1 0 5 0
1 0 5 1
1 0 5 2
1 0 5 3
1 0 5 4
1 0 5 5
1 0 5 6
1 0 5 7
1 0 5 8
1 0 5 9
1 0 6 0
1 0 6 1
1 0 6 2
1 0 6 3
1 0 6 4
1 0 6 5
1 0 6 6
1 0 6 7
1 0 6 8
1 0 6 9
1 0 7 0
1 0 7 1
1 0 7 2










if (u I it[u 1 1 . type != ’v ’ !! !i s di gi t(uIi11u 1}. id10 1)) /*nonsubst var*/
r e t u r n (0);
for (i = 0? substCil.termptr != NIL; i+ + ) {;) /* null stmt */
s u b s 1 1 i l .v a r C 0] = uI it[u 1 3 . idC0 1 ; 
subs11i 1. var l 11 = u I i 1 1 u 1 1 . id t 11;
s u b s t l i 1 . termptr = r 1; /* ptr into rlit (in items) */
substt♦ ♦ i1.termptr = NIL; /* null */ 
if Ci > SUBSIZE)
error ("unify", " i", "SUBS IZE"); 
if (nxtopnulit == NIL) 
return(O); 
r c = 1 ;
)
if (uright != NIL && rright != NIL)
(
rc = unify (ulit, uright, rlit, rright, subst, nxtopnulit);
1
return (r c );
I /* end unify */
I
/* Pskiplit * /
skiplit (ocls, ocl, 1 it_to_skip, tempcls)
struct clauses o c I s N ,  tempelsU; 
int o c 1, 1i t_to_sk i p ;
{
int i, j, ofitptr; 
j =0;
for C i = 0; (olitptr = ocls(ocl).litptrli)) != NIL; i++) {
125
1 0 8 1
1 0 8 2
1 0 8 3
1 0 8 4
1 0 8 5
1 0 8 6
1 0 8 7
1 0 8 8
1 0 8 9
1 0 9 0
1 0 9 1
1 0 9 2
1 0 9 3
1 0 9 4
1 0 9 5
1 0 9 6
1 0 9 7
1 0 9 8
1 0 9 9
1100
1 1 0 1
1102
1 1 0 3
1 1 0 4
1 1 0 5
1 1 0 6
1 1 0 7
1 1 0 8
1 1 0 9
1 1 1 0
1 1 1 1
1 1 1 2
1 1 1 3
1 1 1 4
1 1 1 5
1116
if Colitptr != lit_to_skip)
t e m p c I s l O l .Iitptrtj++l = olitptr;
)
t e m p c I s t O ] . IitptrCj] = NIL? 
return CO)?
) /* end sk i p I i t */
/ x x x x x x x x x x x x x x x x x x x  E X T E R N A L  S T R U C T  D E F I N I T I O N  x x x x x x x x x x x x x x x /  
s t r u c t  t c l a s h  t
i n t  I I p t r ? 
i n t  r e f cn t ?
1 i
/ x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x /
/ *  Pg e  t c I  a s h  I i t s * /
g e t c l a s h l i t s  ( f w d _ b w d ,  n i t e m ,  n l p t r ,  l i t s t o c l a s h )
c h a r  f wd_bwds
i n t  n l p t r ,  M t s t o c l a s h N ?
s t r u c t  i t  ems n i t emtJ  ?
(
i n t  i ,  j, k , a r g p t r ,  n e x t _ t e m p c I  a s h I  1 ] ,  
f p a m a t c h l ( F P A M O D V A L ♦ 3 ) * F P A S P E R H A S H V ] ? 
s t r u c t  t c l a s h  t e m p c l a s h t M A X L I T S ) s  
s t r u c t  f p a l i s t s  t e m p f p a M l ;
next_tempcI a s h t 01 = 0?
t e m p f p a t 0 3 . p r e d t 03 = n i t e m t n I p t r ].p r e d _ s i g n ? 
t e m p f p a f 0 3 . predC 1 1 = n i t e m t n I p t r 1 . idt0]; 
t e m p f p a t 0 3 . p r e d t 23 = ni t e m t n l p t r l . idt 11 ; 








































t e m p f p a C 0 ] . a r g t 0 J = ’ 
t emp f p a [01.argil] = ’ ' ; 
t emp f pa l 01 . a r g l 2 1 = ’ \0'; 
tempfpa I 01 . argnurn = 0;
argptr = n i t e m l n l p t r 1 . left} /* pt to 1st arg for this lit */ 
do (
if (argptr != NIL)
(
tempfpalOl.argn um++ ;
t e m p f p a [01.a r g [01 = n i t e m l a r g p t r ] . idl03; 
t e m p f p a [01.a r g [11 = n i t e m C a r g p t r 1 . id ( 11; 
argptr = nitem(argptr).right;
1
fpamatchk (fwd_bwd, fpamatch, tempfpa); 
for C i = 0; fpamatchli) != NIL; i+ + ) (
for ( j = 0 ; ( k = f pa I i s 11 f pama t ch [ i 11 . I i 11 i s t p t r t j 1) != NIL; )■*• + ) (
addtotempcI ash (k, next_tempcI a s h , tempclash);
3
1
) while (argptr != NIL);
i =0;
for ( j = 0 ; j < nex t_t emp c I a s h t 0 J ; j + O  (
if ( ( tempcI a s h I j 1.refcnt == t e m p f p a [01.argnum) !!
( tempcI a s h [ j1 . refcnt == 1 && tempfpa I 01 . argnum
(
IitstocI a s h ( i 1 = tempcI ashCjJ . I I ptr ; 
i ++ ;
i f ( i > MAXLITS)
error ("getclashlits", " i". " M A X L I T S " );
)
3
0)) /*p r opos i t i on*/
l i t s t o c l a s h t i l  = N I L ;  

































) /*end getclashlits *1
/* P f pama t chk */
fpamatchk (fwd_bwd, fpamatch, tempfpa)
char fwd_bwd;
int f pama t ch t 1;
struct fpalists tempfpall;
t
int i , j , hashval; 
f p ama t c h (0 J = NIL;
j = 0 ;
hashval = hashfpa ( temp fp at0 ] . p r e d , tempfpat0 ) . argnurn); 
for (i=hashval: i < new_fpathashvaI 1; i+ + ) f
if ( tempfpa I 0) . argnurn == fpa I i s t C i 1.argnum &&
s t r e m p C t e m p f p a t 0 ] . pred . fpa I ist[ i ) . pred ) == 0)
(
if (s t r e m p ( tempfpa I 0 1 . a r g ,fpa I is11i 1 .a r g ) == 0)
l
f pama t c h { j) = i ; 
j ++ ;




if (Cfwd_bwd == 'f* && is av a r i a b I e (fpa I i s t [ i ).a r g t 0))) !l
12
8
1 1 8 4
1 1 8 5
1 1 8 6
1 1 8 7
1 1 8 8
1 1 8 9
1 1 9 0
1 1 9 1
1 1 9 2
1 1 9 3
1 1 9 4
1 1 9 5
1 1 9 6
1 1 9 7
1 1 9 8




1 2 0 3
1 2 0 4
1 2 0 5
1 2 0 6
1 2 0 7
1 2 0 8












f pama t ch t j1 = i ;
)++?
f pama t ch t j1 = NIL;
Cfwd_bwd == ’ b ’ && i s a v a r i a b I e ( t e m p f p a E 0 J . a r g l 0 3 ) ) )
r e t u r n  ( 0 1 ;
) /* end f pama t chk * /
/ * P i sa va r i ab I e * / 
i sava r i ab I e (c )
char c ;
(
if C c > = ’s ’ && c < = ’ z ’ 1
r e t u r n  C 1) ; 
r e t u r n  ( 0  ) ;
) /* end i savar i abIe */
/ *  P a d d t o t e m p c I  a s h  * /
a d d t o l e m p c I  a s h  ( l i t l i s t p t r ,  n e x t _ t e m p c I  a s h , t e m p c l a s h )
i n t  l i t l i s t p t r ,  n e x t _ t e m p c I  a s h ( 1 ;  
s t r u c t  t c l a s h  t e m p c I a s h E J ;
{





































f o r  ( i = 0;  i < n e x t _ t e m p c I a s h [ 0 ]  && t e m p c I a s h [ i ) . I I p t r ! = litlistptr; 
l i ) /* null stmt */
i + + )
i f  ( i  == n e x t _ t e m p c I  a s h [ 0 ) )  / * !  i t l  i s t p t r  wa s  n o t  t h e r e  * /
{
t e mp c I  a s h t n e x t _ t e m p c I  a s h [ 0 1 ] . I I p t r  = l i t l i s t p t r !  
t e mp c I  a s h [ n e x t _ t e m p c I  a s h 1 0 1 1 . r e f c n t  = 1? 
n e x t _ t e m p c l a s h [ 0 1 + + !  
i f  ( n e x t _ t e m p c I  a s h t 0]  > M A X L I T S )
e r r o r  ( " a d d t o t e m p c I  a s h " ,  " n e x t _ t e m p c I  a s h " ,  " M A X L I T S " ) ;
)
e l s e
(
t empc I  a s h l N . r e f cn t ++ ;
)
r e t u r n  ( 0 ) ;
} /* end addtotempcI ash */
/ *  P c o p y t e r m  * /
c o p y t e r m  ( f r o m ,  f r 1, t o ,  t 1, c o p y _ t y p e ,  I a s t _ a v a i  l _ i t e m )
/ *  T h i s  r o u t i n e  w i l l  c o p y  a ny  i t e m t y p e - o f - o b j e c t  b e g i n n i n g  a t  f r o m l f r l l  
to a l o c a t i o n  b e g i n n i n g  at  t o t t 1 ) .  I f  c o p y _ t y p e  = ’ I '  ( l e f t )  i t  w i l l  
c o p y  o n l y  t he  i t e m and  i t s  l e f t  s i d e ;  r -  o n l y  t he  i t e m and  i t s  r i g h t  
b - t he  i t e m and  b o t h  s i d e s ,  a n y  o t h e r  v a l u e  -  c o p i e s  o n l y  t he  i t em.  
* * *  N o t e  t h a t  I i t I i j  t e n t  r y s  a r e  c o p i e d  f o r  p r e d i c a t e s  e v e n  t h o u g h  t he  
l i t l i s t  e n t r i e s  do no t  p o i n t  to t h e s e  c o p i e s ,  o n l y  to t he  o r i g i n a l s .
*/
i n t  f r l ,  t 1 , I a s  t _a  va i l _ i  tern,-
c h a r  c o p y _ t y p e ;
s t r u c t  i t e ms  f r o m[ ] , t o ( ] ; 1 30
1 2 5 6
1 2 5 7
1 2 5 8
1259
1 2 6 0
1 2 6 1
1 2 6 2
1 2 6 3
1 2 6 4
1 2 6 5
1 2 6 6
1 2 6 7
1 2 6 8
1 2 6 9
1 2 7 0
1 2 7 1
1 2 7 2
1 2 7 3
1 2 7 4
1275
1 2 7 6
1 2 7 7
















if C 1 1 >s I a s t_a v a i I_i t em D
error ("copyterm", " 1 1", " I ast_avai!_itern"); 
toltll.type = f r o m l f r 1 1 . t y p e ; 
t o t t 11.pred_sign = f r o m C f r 1 1 . pred_s ign ; 
tot t 1 1 . i d(01 = f romlf r 1 1 . i dtOlj 
t o m  1 . i dill = f romlf r 1 1 . i d i l l ; 
t o t 1 1 1 . Iit I istentry = f r o m t f r 1 1 . I i t I i s t e n t r y ; 
t2 = t 1 + 1 ;
if ( f r o m t f r l l .left != NIL /*null*/ &&
(copy_type == *1* ! copy_type == ’ b ’ ))
t
tot t 1 1 . I ef t = t 2 ;
t2 = copyterm ( f r o m , f r o m l f r 1 1 . I e f t ,t o ,t 2 ,'b ’, I ast_avail_itern); 




t o 1 1 11 . lett = NIL; /*nuI I*/ 
if ( f r o m l 1r 1).right != NIL /* n uI I */ &&
(copy_type == ’r* !! copy_type == 'b'))
C
tot t 11 . r i ght = t2 ;
t2 = copyterm ( f r o m ,f r o m t f r 1).r i g h t ,t o ,12,'b ’ , I a s t _ a v a i l _ i t e m ) ; 




tottll.right = NIL; / * n uI I */ 
r e t u r n ( t 2 ) ;





































/* Prenamevars */ 
r enamevars (dlit, d 1)
struct it ems dI i 1 1 1; 
int d 1 ;
l
int dieft, dright;
diett = d I i t t d 1 1 . I eft 5 
dright = dlittdll. right; 
if (d 1 itldll .type == ’v ’)
dl i11d 1 3 . idtO) -= 665 /* change ’s ’-'z' to ’ 1 ' - ’8 ' */
if C dIef t != NIL) /*nuI I*/ 
renamevars (dlit, dieft); 
if (dright != NIL) /*nul I*/ 
renamevars (dlit. dright); 
return (0 ) ;
) /*end r enamevar s * /
/ *  P s u b s  t i t u te * /
s u b s t i t u t e  ( t o ,  t 1, n x t o p n t o l i t ,  f r o m,  s u b s t )
i n t  t 1 , n x t o p n t o l i t :  
s t r u c t  i t e ms  t o l l ,  f r o m l ] 1 
s t r u c t  s u b s t i t u t i o n  s u b s t C l ;
/ *  S u b s t i t u t e  f o r  v a r i a b l e s  i n a l i t e r a l  w h i c h  a r e  to be r e p l a c e d  i n 
a l i t e r a l  w h i c h  i s  b e i n g  u n i f i e d  w i t h  a n o t h e r .  O n l y  l i t e r a l s  w h i c h  







































int i , f r 1 ?
for (i = 0; substtil.termptr != NIL; i+ + )
{
if (s u b s t t i 1.v a r l 01 == tottll.idtOl && substEiJ . v a r C 11 == tottll 
break;
)
if (substlil.termptr != NIL)
(
f r 1 = s ub s 11 i].t e rmp t r j 
tottll.type = f r o m l f r 1 1 .t y p e ; 
tottll.idtOl = f r o m t f r 1 1 . idt01; 
tot t 1 1 . i dt 1 1 = f romt f r 1 1 .i d t 1 1 ; 
if (f romt f r 1 1 . Ief t != NIL) 
t
tottll.left = nxtopntolit;





1 / * end substitute */
/ * Perror * /
error (procname, indexname, maxvalname) 
char procnametl, indexnametl, maxvaI n a m e t 1 ;
t
write (STDERR, "\n\n**** early exit - table overflow in procedure \n ", 
write (ST0ERR, procname, s t r I e n (p r o c n a m e ));
. i d M  1 )
’b* ,
50) ; 133
1364 write (S T D E R R , " \ n " , 1 ) ;
1365 write (S T D E R R , indexname, s t r 1e n ( i n d e x n a m e ));
1366 write C S T D E R R , "\ n “ , 1 ) ;
1367 write CSTOERR, maxvalname, s t r 1e n ( m a x v a 1 name ))
1368 exit ( 1 1 ;
1369
1370 ) /* end error */
t 3 4
